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Abstract 
Background 
Debate has recently intensified regarding the role of soil-transmitted helminths (STH), Ascaris 
lumbricoides, Trichuris trichiura and hookworms (Ancylostoma duodenale, Ancylostoma 
ceylanicum and Necator americanus) in childhood cognitive function. Contributing factors of 
cognitive dysfunction are multifactorial and complex. In developing countries such as the 
Philippines, cognitive dysfunction has been associated with in-utero exposures, low birth weight, 
malnutrition, environmental neurotoxicants, and infectious diseases. Children in resource-limited 
countries are at increased risk of exposure to STH infections due to living in conditions of poverty, 
e.g. limited sanitation facilities, limited education opportunities, and social unrest. The risk of STH-
associated morbidity depends on the intensity of STH infections and the presence of infections with 
multiple species of STH. Currently, the contribution of such STH infections to the geographical 
variation in cognitive development indicators such as functional literacy has not been adequately 
investigated. Evaluation of subnational variation in the role of STH infections in functional literacy 
represents a critical evidence-base for designing and implementing targeted integrated interventions 
to help attain the Sustainable Development Goals target for literacy in the Philippines. 
Aims 
The aims were, 1) to identify the domains of cognitive function investigated in currently available 
studies of children and critically appraise the general design protocol of the studies (Chapter 4); 
2) to quantify the role of socioeconomic status (SES), water supply, sanitation and hygiene 
(WASH), household education stimuli and environmental variables in the geographical disparity of 
functional literacy in the Philippines (Chapter 5); 3) to predict the spatial distribution of the 
prevalence of Ascaris lumbricoides and Trichuris trichiura coinfection and infection intensity 
classes in the Philippines to identify populations most in need of interventions (Chapter 6); and 
4) to quantify the role of STH infections in the spatial variation of functional literacy in school-aged 
children in the Philippines, adjusting for demographic, SES, WASH, household education stimuli, 
and the prevalence of P. falciparum and P. vivax (Chapter 7). 
Methods 
Studies looking into the association between STH infections and cognitive function of children 
were systematically reviewed using a predefined protocol. The general study design and cognitive 
function measurement tools used in those studies were critically appraised in three age strata 
(0 – 24 months, 24 – 59 months, and 60 months and above) (Chapter 4). The role of SES, WASH, 
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household education stimuli and environmental variables were quantified in different levels of 
functional literacy (functional literacy, low functional literacy, moderate functional literacy, and 
functional illiteracy) by generating multinomial regression models for the three main geographical 
regions of the Philippines (Luzon, the Visayas, and Mindanao), using data from the 2008 Functional 
Literacy, Education and Mass Media Survey (Chapter 5). Predictive maps of prevalence of 
A. lumbricoides and T. trichiura coinfections and infection intensity classes were generated by 
applying Bayesian model-based geostatistics, using STH infection data from the 2005 – 2007 
National Schistosomiasis Survey (Chapter 6). Geographical risk models of functional literacy, 
adjusted for a wide array of probable confounders, were used to uncover the role of STH infections 
(Chapter 7).  
Results 
The systematic review found variation in tested domains of cognitive functions between published 
studies (n=42) and a lack of consistency in the use of measurement tools. It was identified that the 
tested domains of cognitive function have been limited to gross motor, fine motor, and language 
skills for children aged under 59 months, and memory and processing speed for children aged 60 
months and above. Prevalence of functional illiteracy in Luzon was explained by variation in 
household education stimuli, sources of drinking water, and type of toilet facility, whereas in 
Mindanao and the Visayas, it was primarily explained by geographical variation in SES and natural 
environmental conditions (Chapter 5). Spatial modelling of coinfections and infection intensity 
classes demonstrated that the south-eastern tip of Luzon, the eastern division of the Visayas, and the 
northern and south-eastern divisions of Mindanao are at increased risk of STH-associated morbidity 
(Chapter 6). It was estimated that 4.20% of functional illiteracy burden among school-aged children 
in Mindanao could be averted by preventing T. trichiura infections (Chapter 7). 
Conclusions 
This Thesis highlighted critical study design issues that hinder a thorough assessment of the 
relationship between STH infection and childhood cognitive function, and proposed a systematic 
approach that will influence the design of future studies into the role of STH infections in cognitive 
dysfunction. The results of this Thesis support the need for prioritising spatially targeted 
educational programs that consider region-specific determinants to the at-risk areas identified in 
each region. Communities in the Philippines where functional illiteracy rates are associated with 
STH infections would benefit from STH control programs in order to achieve the SDGs target for 
literacy by 2030. The high-resolution prediction maps presented in this Thesis provide a platform 
for such targeting of interventions in order to achieve maximal gains for the cognitive development 
of school-aged children living in STH endemic areas of the Philippines. 
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Chapter 1 Introduction 
1.1 Background 
Cognitive dysfunction is multifactorial in nature. Both non-communicable (e.g. malnutrition, gene, 
and biological factors) and communicable diseases (e.g. malaria and neglected tropical diseases) are 
known contributors (1). Furthermore, maternal and fetal exposure to environmental neurotoxicants 
is associated with increased infant and childhood cognitive dysfunction (2-5). The exposure to 
many of these conditions is determined by anthropogenic environment factors (i.e. human impacted 
habitat conditions) such as sanitation, urbanisation, and overcrowding (6), and natural 
environmental factors such as elevation, temperature and water availability (7). In impoverished and 
unhygienic environments, other endemic infections and diseases can have additional independent 
effects on cognitive development of children. Evidence from longitudinal studies in children 
indicates that neurocognitive development is impacted by nutritional status, poverty, stress, low 
maternal education, low educational attainment, less nurturing child-rearing environments, younger 
maternal age, living in a rural environment, and poor psychosocial stimulation at home and at 
school (8-10). Many of these contributing factors are also known determinants of intestinal 
infections such as soil-transmitted helminth (STH) infections. 
STH infections caused by Ascaris lumbricoides, Trichuris trichiura and hookworms 
(Ancylostoma duodenale, Ancylostoma ceylanicum and Necator americanus), are important 
contributors to childhood morbidity, which extend beyond immediate, acute impact to lifelong 
debilitation. The global burden of disease attributable to STH infections is estimated at 4.98 million 
years lived with disability (YLDs) and a loss of 5.18 million disability-adjusted life years (DALYs). 
STH-related morbidity includes anaemia of inflammation, iron-deficiency, chronic nutritional 
imbalances, stunting, cognitive and motor developmental delay (11, 12). According to recent 
reports from the WHO, more than 2 billion people are estimated to be infected with STH 
worldwide, with the majority of infections observed in tropical and sub-tropical areas including sub-
Saharan Africa and South-east Asia. It is estimated that over 270 million Under 5’s and over 600 
million school-aged children live in areas where the prevalence of STH infections is over 20%, and 
are at risk of morbidity associated with STH infections (12, 13). 
STH spend part of their life cycle outside the human host, undergoing developmental 
changes in the soil (14, 15). Ascaris lumbricoides or roundworm and Trichuris trichiura or 
whipworm eggs are ingested, often by eating vegetables or fruits that have not been washed, 
contaminated water sources or by putting unwashed hands in the mouth (16). Hookworms which 
include the nematode species, Ancylostoma duodenale and Necator americanus, in addition to the 
zoonotic hookworm, Ancylostoma ceylanicum are transmitted to humans through penetration of the 
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skin by larvae, often by walking barefoot on contaminated soil (12, 16). Adequate moisture and 
warm temperature are essential for STH larval development in the soil (12, 16, 17). The 
geographical distributions of A. lumbricoides, T. trichiura and hookworm infections generally 
overlap, and include areas with poor sanitation and hygiene practices associated with poverty (16). 
Therefore, many human hosts carry several species of STH. 
To control morbidity associated with STH infections the World Health Organization (WHO) 
advocates the administration of regular chemotherapy with anthelminthic medicines such as 
albendazole and mebendazole to at-risk populations (12). Importantly, WHO proposes the global 
target for eliminating morbidity attributable to STH in school-aged children by 2020 by regularly 
treating at least 75% of school-aged children in STH endemic areas (18). The underlying guideline 
for STH-associated morbidity control is that treatment is given once a year where the prevalence of 
STH infections in the community is over 20%, and twice a year where the prevalence of STH 
infections in the community exceeds 50% at the commencement of a program (18). 
The Philippines is one of STH endemic countries in the world (18). The Philippines 
Department of Health has been implementing an integrated helminth control program since 2006, 
which recently expanded its target age group from 1 – 12 years old to individuals 1 – 18 years old 
(19) using chemotherapy with albendazole or mebendazole targeting children, pregnant women, 
adolescents, farmers and indigenous populations across the Philippines (20-22). The integrated 
helminth control program also includes health education approaches and installation of water and 
sanitation facilities to improve hygienic practices in the region (23). However, it is reported that 
after a decade since the start of integrated helminth control program, the estimated prevalence of 
STH in school-aged children has not reached the target of <20% cumulative prevalence of STH 
infections, and zero prevalence of moderate and high intensity STH infections recommended by the 
WHO to achieve morbidity control (13, 24, 25). According to the most recent WHO report in 2015, 
it is estimated that 19.6 million school-aged children are living in STH endemic areas of the 
Philippines thus requiring preventive chemotherapy (18). 
One way of exploring the role of STH infections in cognitive function at population level is 
to use ecological methodology. To control STH-associated morbidity, the distribution of STH 
coinfections and infection intensity classes need to be accurately mapped for spatially targeted 
interventions. While mapping prevalence of STH infections (the proportion of individuals infected 
with STH species relative to the population tested) is important to define areas that need regular 
treatment with albendazole and mebendazole (13), prevalence of infection is not a good indicator of 
population-level morbidity. 
People with coinfections and higher infection intensities experience higher degrees of 
morbidity, and indicators based on multiple infections and infection intensity classes might be more 
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useful for estimating disease burden (26, 27). Indeed, previous studies have demonstrated that 
modelling the spatial distribution of STH infection intensity classes (estimated by eggs per gram of 
faeces using the Kato-Katz faecal thick-smear technique (12)) and coinfections (the proportion of 
individuals infected with multiple species of STH relative to the population tested) have relevance 
for identifying communities where the likelihood of morbidity and parasite transmission is at its 
highest (27, 28). Targeting treatment or control activities to communities with high prevalence of 
high-intensity STH infections, or coinfections, could lead to a more efficient reduction of 
transmission and severe STH-related morbidity compared to targeting treatment based on 
prevalence of single infections (28-30). 
Disease risk mapping is a useful tool for identifying where the transmission of infectious 
diseases is at its highest and thereby allows an assessment of areas in need of interventions (7, 27, 
28, 31, 32). Specific analytical methods include visualization (maps using software such as ArcGIS 
or Quantum GIS for presenting and analysing geographic information system (GIS) data, and 
describe spatial patterns to form hypotheses for further analysis), exploration (non-spatial 
multivariable regression models using a frequentist statistical software such as STATA, R or 
Python to determine whether observed patterns are random in space or identify the cause-effect 
relationship of the distribution and extent of the clusters) and modelling (use of spatial and non-
spatial data source to explain or predict spatial patterns). These methods require the use of datasets 
from ecology, microbiology, health or anthropometric information, environmental or geography 
information, and require the availability of georeferenced feature data (points or areas) (33-35). 
Bayesian geostatistical models have been used in the spatial analysis and prediction of the 
prevalence and intensity of helminth infections (36, 37). Bayesian model-based geostatistics (MBG) 
is used to estimate associations between outcomes (e.g. infection) and covariates, and their 
associated uncertainty (34). These models are used to predict the outcome at unsampled locations 
(34, 38). MBG can incorporate different types of epidemiological information and produce a range 
of prediction maps such as maps of predicted prevalence of infection intensity and of coinfections 
(34). These maps have been used to help identify areas most at risk of morbidity (34). 
While several spatial epidemiological studies on STH coinfections and infection intensity 
classes have been used to map indirect morbidity indicators, little attention has been placed on the 
spatial patterns of STH-associated morbidity (34). Only a very limited number of studies in the 
published literature have described the spatial distribution of morbidity outcomes of STH infections 
such as malnutrition and anaemia, and produced maps of morbidity indicators (7, 27, 34). 
Soares Magalhães et al (2011) investigated the geographical distribution of prevalence of 
anaemia and mean haemoglobin concentration (Hb) in children aged 1 to 4 years old in Mali, 
Bukina Faso and Ghana. The study produced a high-resolution map of anaemia risk in preschool 
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children adjusted for malnutrition and parasitic infections. This helped the design of spatially 
targeted STH-associated morbidity control interventions in the countries included in the study. 
Current evidence on the association between STH infections and cognitive dysfunction in 
children is limited and inconclusive. A limitation of previous studies is that it is not clear whether 
reported relationships are causal or results from other factors such as socioeconomic status, climate, 
living environment, education opportunities, other infections and diseases. Furthermore, different 
tests have been used to measure the effect of STH infections on cognitive function of children. The 
tests have been used to measure a variety of psychometric outcomes ranging from fundamental 
capabilities such as information processing, verbal fluency, attention, memory, reaction time, and 
decision time to more complex intellectual capabilities such as IQ, school performance, and 
advanced mathematical assessments (7, 25, 27, 39-44). Due to each study using varying outcome 
measurements, it is difficult to directly compare the different effects of STH infections on cognitive 
development in children. Further research on cognitive developmental indicators is required to 
elucidate how different domains of cognitive function are associated with STH infections. 
Cognitive developmental morbidity indicators are likely to vary between locations given the 
geographical variability of its major determinants. This property poses a challenge to decisions 
around efficient allocation of resources to mitigate the impact of STH-associated morbidity to those 
most in need. Methods to inform optimal intervention planning for STH morbidty control require 
advances in my knowledge of the spatial distribution of morbidity. While some studies have looked 
at the spatial distribution of anaemia none have addressed the spatial distribution of cognitive 
dysfunction indicators of school-aged children. Spatial epidemiological analyses to quantify the role 
of STH infections in the spatial variation of other morbidity indicators such as cognitive 
dysfunction in children in different geograpical locations are currently not available. Application of 
spatial epidemiology in mapping cognitive dysfunction indicators will provide an evaluation 
planning tool for the design and implementation of interventions for STH-associated cognitive 
developmental morbidity control (34). 
This Thesis does not attempt to discover the clinical or pathophysiological causal-pathways 
between STH infections and cognitive dysfunction in children. Rather, it aimed to help understand 
the results obtained from surveys, and consider implications of the findings. The studies presented 
in this Thesis explore gaps in knowledge and provide evidence for the application of spatial 
epidemiological approaches to profile communities at increased risk of cognitive dysfunction 
measured by functional literacy indicators in school-aged children, which can help the design of 
geographically targeted educational programs such as educational videos to help prevent and 
control STH infections. 
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1.2 Research aim 
The overall research objective of this Thesis was to examine the role of STH infections in the 
geographical variation of functional literacy indicators of children in the Philippines using unique 
population level data from a nation where STH is endemic, and with widely varying functional 
literacy levels among school-aged children. The aims were, 1) to identify the domains of cognitive 
function investigated in currently available studies of children and critically appraise the general 
design protocol of the studies, with a focus on the cognitive function measurement tools used in 
those studies in three age strata: zero to 24 months, 24 to 59 months, and 60 months and above 
(Chapter 4); 2) to quantify the role of socioeconomic status (SES), water supply, sanitation and 
hygiene (WASH), household education stimuli, and environmental variables in the geographical 
disparity of functional literacy in the Philippines (Chapter 5); 3) to predict the spatial distribution of 
the prevalence of Ascaris lumbricoides and Trichuris trichiura coinfection (the most prevalent 
paired coinfections in school-aged children), and infection intensity classes in the Philippines to 
identify populations most in need of interventions (Chapter 6); and 4) to quantify the role of STH 
infections in the spatial variation of functional literacy in school-aged children in the Philippines, 
adjusting for demographic, socioeconomic status, water supply, sanitation and hygiene, household 
education stimuli, and the prevalence of P. falciparum and P. vivax. In doing so, I also aimed to 
develop the first prediction maps of each functional literacy indicator in order to quantify the 
number of school-aged children at risk of reduced functional literacy in the Philippines (Chapter 7). 
1.3 Hypotheses 
This Thesis set out to test the following four hypotheses. 
1. Current contradictory findings on the association between STH infection and cognitive 
dysfunction in children found between studies could be due to variations in study designs 
and methodologies applied in examining the effect of STH infections on cognitive function 
(Chapter 4). 
2. Functional illiteracy is heterogeneous in the Philippines and that the determinants of 
functional illiteracy in school-aged population are region-specific (Chapter 5). 
3. Spatial variability of A. lumbricoides and T. trichiura monoinfection, coinfections, and 
infection intensity classes of STH infections are explained by differing impacts of 
environmental risk factors in the Philippines (Chapter 6). 
4. Prevalence of functional illiteracy is highest where predicted prevalence of A. lumbricoides 
and T. trichiura coinfections and moderate and high infection intensity classes of STH are 
highly focal (Chapter 7). 
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1.4 Objectives 
The Thesis has the following eight research objectives to meet the above aims and hypotheses: 
1. To identify the domains of cognitive function investigated in currently available studies that 
investigate associations between STH infections and cognitive function of children and 
critically appraise the general design protocol of the studies, with a focus on the cognitive 
function measurement tools used (Presented in Chapter 4). 
2. To quantify the relationship between functional illiteracy in the Philippines and 
geographical heterogeneity in household-level factors, including socioeconomic status 
(SES), water supply, sanitation and hygiene (WASH), household education stimuli, and 
environmental variables (Presented in Chapter 5). 
3. To quantify the extent of geographical clustering for functional illiteracy and describe the 
level of spatial dependence (Presented in Chapter 5). 
4. To determine the spatial variation of prevalence of coinfection of A. lumbricoides and 
T. trichiura, and prevalence of STH infection intensity classes in school-aged children in the 
Philippines (Presented in Chapter 6). 
5. To investigate the role of environmental risk factors in the geographical distribution of 
A. lumbricoides and T. trichiura mono- and coinfections, and prevalence of STH infection 
intensity classes, accounting for age, sex and spatial autocorrelation (Presented in 
Chapter 6). 
6. To develop robust predictive prevalence maps to identify areas in the Philippines at highest 
risk of A. lumbricoides and T. trichiura mono- and coinfections, and moderate/high 
infection intensity among school-aged population in the Philippines (Presented in 
Chapter 6). 
7. To quantify the spatial variation of functional illiteracy in the Philippines, adjusted for 
demographic, household-level socioeconomic status (SES), water supply, sanitation and 
hygiene (WASH), household education stimuli, and the prevalence of coinfection of 
A. lumbricoides and T. trichiura, prevalence of STH infection intensity classes, and 
prevalence of malaria (P. falciparum and P. vivax) in the Philippines (Presented in 
Chapter 7). 
8. To develop robust predictive prevalence maps accounting for the prevalence of coinfection 
of A. lumbricoides and T. trichiura, prevalence of STH infection intensity classes, and 
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prevalence of malaria (P. falciparum and P. vivax to identify areas in the Philippines at 
highest risk of functional illiteracy among school-aged population (Presented in Chapter 7). 
1.5 Structure of the Thesis 
This Thesis consists of eight Chapters (Figure 1-1): an introductory Chapter (Chapter 1), followed 
by a literature review (Chapter 2), description of data sources and methods (Chapter 3), a systematic 
review (Chapter 4), three research Chapters (Chapter 5, Chapter 6, and Chapter 7), and a general 
discussion (Chapter 8). All of the eight Chapters of the Thesis start with a brief introduction to the 
context of the Chapter to explain how it fits with the overall structure of the Thesis. References for 
all Chapters appear at the end of the Thesis.
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Chapter 1 of the Thesis provides a general background on cognitive dysfunction, the burden 
of soil-transmitted helminth infections, features of the integrated helminth control interventions, a 
plausible theoretical explanation of the role of STH infections in cognitive dysfunction based on 
available evidence, and the role of spatial epidemiological analysis tools, modelling, and mapping 
in STH-morbidity control. It finishes with the Thesis justification and research objectives. 
Chapter 2 is the literature review. While it is well established that STH infections are known 
to be associated with multiple childhood morbidities, the role of STH infections in cognitive 
dysfunction in children remains in dispute. In order to identify current gaps in knowledge on how 
STH infections affect general health status of children and how spatial epidemiological 
investigations have assisted a better understanding of STH-associated morbidity, I set out to review 
existing literature on three major domains: 1) the epidemiology of STH infections; 2) STH-
associated morbidity; and 3) application of spatial epidemiological tools in STH-morbidity control. 
The literature review explains the life cycle of STH, the mode of STH transmissions, known 
contributing factors that influence the transmission of STH infections, morbidity and burden of 
STH infections, contributing factors that influence STH-associated morbidity, and the approaches 
for integrated helminth control interventions. The literature review also discusses the importance of 
mapping in guiding STH-associated morbidity control and how Bayesian model-based geostatistics 
(MBG) modelling approaches have been used in previous STH infection and STH-associated 
morbidity control studies to help inform STH mass-drug administration (MDA) program. 
Chapter 3 describes the data sources and methods used in my studies. A detailed description 
of infection data, functional literacy data, and other key indicators are described in this Chapter. 
Specific analytical methods and the framework for modelling data are also described in detail. 
Chapter 4 presents a systematic review. This study was conducted in two phases. First, I 
conducted a systematic review of studies looking into the association between STH infections and 
different domains of cognitive function of children using a predefined protocol based on the 
Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) checklist. Second, 
I critically appraised the general study design and cognitive function measurement tools used in 
those studies in three age strata: zero to 24 months, 24 to 59 months, and 60 months and above. I 
found variation in tested domains of cognitive function and lack of consistency in the use of 
measurement tools in identified studies (n=42). I identified that the cognitive function measurement 
in children aged under 59 months has been limited to domains of gross motor, fine motor and 
language skills, whereas in children aged 60 months and above most studies tested domains such as 
memory and processing speed. In doing so, I provided a framework that will assist the design of 
future studies into the influence of STH infections on cognitive dysfunction of children. This 
Chapter has been published in Advances in Parasitology as a book chapter. 
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Chapter 5 presents an investigation of the spatial variation in functional literacy at the 
national level of the Philippines, using data on functional literacy indicators (functional literacy, 
low functional literacy, moderate functional literacy, and functional illiteracy) of 11,313 school-
aged children (aged 10 – 19 years) collected in 2008 during the nationwide Functional Literacy, 
Education and Mass Media Survey (FLEMMS). I quantified the role of individual, household, and 
environmental variables in the geographical variation of functional literacy. I demonstrated that 
functional literacy is heterogeneous in the Philippines. In addition, the prevalence of functional 
illiteracy was explained by region-specific variation in known determinants of intestinal infection, 
which have been reported to cause cognitive dysfunction. The results of this study were important 
to allow comparative analysis with the results of spatial helminth infection risk models using 
environmental indicators (Chapter 6) and spatial risk models of functional literacy (Chapter 7). This 
Chapter forms a manuscript published in the journal International Journal of Environmental 
Research and Public Health. 
Chapter 6 presents predictive maps of Ascaris lumbricoides and Trichuris trichiura 
coinfection and infection intensity classes, and explored the usefulness of predictive mappings to 
identify provinces at increased risk of STH-associated morbidity and STH transmission. The level 
of STH-associated morbidity depends on the number of STH worms individuals harbour and the 
presence of infections with multiple species of STH (7, 12, 31, 45). Indicators based on coinfections 
and moderate to high infection intensities, which are linked to higher degrees of morbidity, might 
be more useful for estimating disease burden (12). To address this, I investigated nationwide spatial 
variation in the prevalence of Ascaris lumbricoides monoinfection, Trichuris trichiura 
monoinfection, coinfections of A. lumbricoides and T. trichiura (the most prevalent paired 
coinfections in my dataset), and infection intensity classes of A. lumbricoides and T. trichiura 
infections in the Philippines. This was done by developing Bayesian-model-based multinomial 
geostatistical models using environmental variables such as rainfall and temperature as covariates, 
in addition to age, sex, and a geostatistical random effect. Spatial analysis is explained in more 
detail in Section 6.3.2. 
In this Chapter, I demonstrate that the risk of A. lumbricoides and T. trichiura coinfections 
and moderate/high infection intensity A. lumbricoides and T. trichiura infections are geographically 
variable even within high-risk areas in the Philippines. Results of MBG models indicated that 
school-aged populations (5 – 19 years) are most at risk of A. lumbricoides and T. trichiura 
coinfections and of moderate/high infection intensity compared to other age groups. I estimated the 
number of school-aged children infected with A. lumbricoides and T. trichiura coinfections to be 
highest in Luzon (estimated total of 89,400), followed by the Visayas (estimated total of 38,300) 
and Mindanao (estimated total of 20,200) in 2017. This was achieved by multiplying a raster map of 
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the estimated total number of school-aged individuals in 2017 by the predicted prevalence of 
A. lumbricoides and T. trichiura monoinfection and coinfections, and the prevalence of infection 
intensity classes. The method of estimation is explained in detail in Section 6.3.2.8. High-resolution 
prediction maps presented in this Chapter confirm the importance of environmental variability at 
explaining the observed spatial variation of A. lumbricoides and T. trichiura coinfections and 
infection intensity classes. 
Together these key findings indicate that STH-associated morbidity are highly focal. The 
coinfection and infection intensity classes prediction maps produced in this Chapter could be used 
to plan spatially targeted helminth control interventions in the Philippines. Comparative analysis of 
the results of this Chapter with those reported in Chapter 5 suggest that in some areas in the 
Philippines, STH infections may potentially be playing a key role in the spatial heterogeneity of 
reduced functional literacy in school-aged children. This hypothesis is formally tested in Chapter 7. 
Chapter 6 forms a manuscript published in the journal Parasites and Vectors. 
In Chapter 7, the strength of the association between STH infections and functional illiteracy 
are tested, and the role of STH infections in functional illiteracy of school-aged children are 
quantified using data on spatial predicted values of P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) 
parasite rate in the 2 to 10 years age group in 2010 from the Malaria Atlas Project, predicated 
prevalence of STH infections (A. lumbricoides, T. trichiura, and hookworm), A. lumbricoides 
monoinfection, T. trichiura monoinfection, A. lumbricoides and T. trichiura coinfections, and 
intensity classes of A. lumbricoides and T. trichiura infections. 
In this Chapter, I use functional literacy data collected in 2008 during the nationwide 
Functional Literacy, Education and Mass Media Survey (FLEMMS) (also described in Chapter 5) 
and predicated prevalence of STH infections (A. lumbricoides, T. trichiura, and hookworm), 
A. lumbricoides monoinfection, T. trichiura monoinfection, A. lumbricoides and T. trichiura 
coinfections, and intensity classes of A. lumbricoides and T. trichiura infections collected in 
2005 – 2007 National Schistosomiasis Survey. The impact of STH infections on the geographical 
distribution of functional illiteracy of school-aged children was controlled for data on individual-
level sociodemographic indicators (e.g. age, sex, education attainment level, marital status, and 
employment status), and household-level factors such as SES, access to improved WASH, 
household-education stimuli and cognitive stimulation, and spatial predicted values of 
P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) parasite rate in the 2 to 10 years age group in 2010 
from the Malaria Atlas Project. 
Chapter 7 presents a novel use of geographical risk models of functional literacy adjusted 
for a wide array of probable confounders to uncover the role of STH infections. Chapter 7 also 
explores how the application of spatial epidemiology in mapping functional illiteracy provides an 
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evaluation-planning tool for the design and implementation of STH-associated morbidity control 
intervention strategies, estimating the number of school-aged children with functional illiteracy 
associated with STH infections, and the number of interventions needed in the Philippines. This 
Chapter forms a manuscript submitted to the journal PLOS Neglected Tropical Diseases. 
My Thesis concludes with a discussion of the main public health implications of the 
findings, the study limitations, and introduces alternative potential methodological approaches such 
as Bayesian network (BNs) analysis and developing DAGitty diagram or Directed Acyclic Graphs 
(DAG) that could be used as a complementary technique to help future studies construct causal 
models and subsequent predictive models. 
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Chapter 2 Literature Review 
2.1 Context 
While it is well established that soil-transmitted helminths (STH) infections are associated with 
multiple childhood morbidities, the role of STH infections in cognitive dysfunction in children 
remains in dispute. In order to identify current gaps in knowledge on how STH infections affect the 
general health status of children and how spatial epidemiological investigations have assisted a 
better understanding of STH-associated morbidity, I set out to review existing literature on three 
major domains: 1) the epidemiology of STH infections, 2) STH-associated morbidity, and 3) the 
application of spatial epidemiological tools in STH-morbidity control. 
The literature review presented in this Chapter explains the life cycle of STH, the mode of 
STH transmissions, known contributing factors that influence the transmission of STH infections, 
morbidity and burden of STH infections, contributing factors that influence STH-associated 
morbidity, and the approaches used for integrated helminth control interventions. The literature 
review also discusses the importance of mapping in guiding STH-associated morbidity control and 
how Bayesian model-based geostatistics (MBG) has been used in previous STH infection and STH-
associated morbidity control studies to help inform the STH mass drug administration (MDA) 
program. By identifying existing knowledge gaps in the literature, I provide justification for the 
studies included in this Thesis. 
2.2 Lifecycles of soil-transmitted helminths (STH) 
STH spend part of their life cycle outside the human host, undergoing developmental changes in the 
soil. Ascaris lumbricoides (roundworm) eggs and Trichuris trichiura (the human whipworm) eggs 
are ingested, often by eating vegetables or fruits that have not been washed, by drinking from 
contaminated water sources, by putting unwashed hands in the mouth, or by practice of geophagia 
(46). This suggests that sanitation and hygiene practices within or around the household are 
important determinants of risk of STH infections (12, 16). Hookworms, which include the nematode 
species Ancylostoma duodenale, Necator americanus, as well as the zoonotic hookworm, 
Ancylostoma ceylanicum, are transmitted to humans through penetration of the skin by larvae, often 
by walking barefoot on contaminated soil (46). This suggests that transmission occurs in the 
household and in outdoor areas such as farms, gardens, and fields. Figure 2-1 illustrates life-cycle of 
each species of STH. 
Adult worms of A. lumbricoides (approximately 15 – 35 cm in length) can live up to two 
years (14, 15). The life cycle of A. lumbricoides is shown in Figure 2-1: Panel A and each stage of 
its lifecycle is numbered and described as follows. 1) Adult worms live in the lumen of the small 
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intestine of the human host. 2) Female adult worms produce eggs and these are passed with faeces. 
3) Fertilised eggs embryonate and become infective after 18 days (this could take up to several 
weeks, depending on the optimum condition of the soil – e.g. moist, warm and shaded soil). 4) Eggs 
are swallowed by a human host. 5) The larvae hatch in the small intestine and invade the intestinal 
mucosa. 6) The larvae are carried via systemic circulation to the lungs. 7) After further maturing in 
the lungs (10 – 14 days), the larvae penetrate the alveolar walls, move up the bronchial tree to the 
throat, and are then swallowed. The larvae then develop into adult worms upon reaching the small 
intestine, thus completing the lifecycle. The adult females begin to oviposit 2 to 3 months after 
ingestion of the infective eggs (14). 
Adult worms of T. trichiura (approximately 4 cm in length) can live up to one year (14, 15). 
The life cycle of T. trichiura is shown in Figure 2-1: Panel B and each stage of its lifecycle is 
numbered and described as follows. 1) The adult worms live in the cecum and ascend to the colon 
of the human host. Female adult worms produce unembryonated eggs and these are passed with 
faeces. 2) The eggs develop into a 2-cell stage in the soil. 3) The eggs develop to an advanced 
cleavage stage. 4) The eggs embryonate and then become infective in 15 to 30 days. Infective eggs 
are then ingested by a human host. 5) The eggs hatch in the small intestine, and release larvae. 
6) The larvae then mature and develop to adult worms in the colon, thus completing the life cycle. 
The female adult worms in the cecum begin to oviposit 60 to 70 days after ingestion of the infective 
eggs (14). 
Adult worms of hookworms (approximately 10 – 15 mm in length) can live up to two years 
(14, 15). The life cycle of hookworm is shown in Figure 2-1: Panel C and each stage of its lifecycle 
is numbered and described as follows. 1) Adult hookworms live in the lumen of the small intestine. 
Female adult hookworms produce eggs and these are passed with faeces. 2) The hookworm larvae 
hatch in 1 to 2 days in optimum soil conditions, e.g. moist, warm and shaded soil. Subsequently, the 
released rhabditiform larvae (early developmental larval stage) grow in either the faeces or soil. 
3) The larvae become filariform (larvae that are infective) after 5 to 10 days. These infective larvae 
can survive 3 to 4 weeks in moist, warm, shaded environmental conditions (31). 4) Hookworm 
infective larvae come into physical contact with a human host. This often occurs by walking 
barefoot on contaminated soil. The larvae penetrate the skin of the host and burrow through the 
epidermis. The larvae are then carried through the blood vessels to the heart and to the lungs. The 
larvae penetrate into the pulmonary alveoli, move up the bronchial tree to the pharynx, and are then 
swallowed. 5) The larvae reach the small intestine and then reside there until they mature into 
adults. Adult hookworms attach to the intestinal walls of the lumen of the small intestine, thus 
completing the lifecycle. Adult hookworms can cause blood loss at the site of the intestinal 
attachment (14). 
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Evidence suggests that A. lumbricoides eggs are more resistant to temperatures than 
T. trichiura eggs (47), indicating survival rates are strongly dependant on environmental conditions. 
The ideal temperature for development of A. lumbricoides and T. trichiura eggs is 28 – 32 degrees 
Celsius. For hookworms it is 20 – 30 degrees Celsius (12, 16, 17, 31, 48, 49). 
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Figure 2-1 Life-cycle of (A) A. lumbricoides, (B) T. trichiura, and (C) hookworm 
 
Images adopted from the U.S. Center for Disease Control and Prevention, Center for Global health, Division of Parasitic Diseases and Malaria. Public domain (16). 
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2.3 Epidemiology, burden, and determinants of STH infections 
2.3.1 Epidemiology of STH infections 
According to recent reports from the World Health Organization (WHO), more than two billion 
people are estimated to be infected with STH worldwide, with the majority of infections observed in 
tropical and sub-tropical areas including sub-Saharan Africa and South-east Asia. It is estimated 
that over 270 million children under five years old (U5s) and over 600 million school-aged children 
live in areas where the prevalence of STH infections is over 20% (12). 
These infections are particularly common in impoverished communities where the provision 
of safe drinking water, sanitation, and hygiene education is limited (11). Exposure to STH 
infections is also driven by environmental factors such as vegetation, land cover, elevation, 
temperature, and water availability (7). Additionally, sex and age have been shown to influence 
exposure and susceptibility to STH (27, 50, 51). The geographical distributions of A. lumbricoides, 
T. trichiura, and hookworm infections generally overlap, therefore, many human hosts carry several 
species of STH (16). Pullan and Brooker (2012) reported that climatic factors such as temperature 
and socioeconomic factors including urbanisation and sanitation affect transmission of STH. They 
estimated that globally approximately 5.3 billion people in areas of A. lumbricoides and T. trichiura 
transmission, with 71% located in Asia and Oceania, 18% in Africa and the Middle East, and 11% 
in Latin America and the Caribbean. The study also indicated that an estimated 5.08 billion people 
live in areas of hookworm transmission worldwide, with 22% located in Africa and the Middle 
East, 69% in Asia, and 9% in Latin America and the Caribbean (52). 
Children are especially vulnerable to A. lumbricoides and T. trichiura infections (12), as has 
been demonstrated by previous studies (12, 24, 31, 40, 53, 54). The age ranges reported in these 
studies vary, however, the results show that the highest intensity of infection for A. lumbricoides 
and T. trichiura occurs in both pre-school (1 to 4 years of age, as defined by WHO) and school-
aged children (5 to 14 years of age, as defined by WHO), and hookworm in the 15 to 20 years age 
group. STH burden is often measured by prevalence of infection (i.e. the proportion of individuals 
infected with STH species relative to the population tested), prevalence of coinfections (i.e. the 
proportion of individuals infected with two or more species of STH relative to the population 
tested), or intensity of infection, which is estimated using quantitative egg counts (i.e. eggs per 
gram of faeces). Eggs of STH are counted using the Kato-Katz faecal thick-smear technique (12, 
13). However, previous studies have reported that the Kato-Katz test fails to accurately detect low 
infection intensity when performed using only a single sample (15, 37, 55, 56). 
The WHO has defined thresholds for the number of eggs per gram (epg) of faeces for 
determining the level of infection intensity for each STH species (57). For A. lumbricoides, light 
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intensity infection is defined as 1 – 4,999 epg, moderate intensity infection as 5,000 – 49,999 epg, 
and high intensity infection as ≥50,000 epg. For T. trichiura, light intensity infection is defined as 
1 – 999 epg, moderate intensity infection as 1,000 – 9,999 epg, and high intensity infection as 
≥10,000 epg. For hookworms, light intensity infection is defined as 1 – 1,999 epg, moderate 
intensity infection as 2,000 – 3,999 epg, and high intensity infection as ≥4,000 epg. Infection 
intensity is an important index for the severity of morbidity associated with STH infections (12). 
Morbidity and burden of STH infections is discussed in the next section. 
The epidemiological characteristics of STH help determine appropriate intervention 
strategies and control measures. Whilst provision of quality sanitation infrastructure and 
improvement of hygiene behaviour is likely to be the most sustainable strategy to control 
transmission of STH (58-60), many developing countries currently rely on the distribution of 
anthelminthic medicines (12). Intervention strategies are discussed in more detail in the next 
Chapters. 
2.3.2 Burden of STH infections 
STH infections are estimated to incur 4.98 million years lived with disability (YLDs), related to 
anaemia of inflammation and iron-deficiency, chronic nutritional imbalances, stunting, and 
cognitive and motor developmental delay (11, 12). Individuals with high intensity A. lumbricoides 
infection can suffer from anaemia, impaired growth, and obstruction of the bowel (26). Individuals 
with high intensity of T. trichiura infection can suffer from inflammatory bowel disease, chronic 
abdominal pain, diarrhoea, and anaemia (47, 61). Individuals with high intensity hookworm 
infections can suffer from iron-deficiency anaemia, delayed physical growth, and impaired 
cognitive development (61-64). Pullan et al (2014) highlighted that the highest burden for 
A. lumbricoides is observed in south and southeast Asia and West Africa, and the highest relative 
burden for T. trichiura and hookworm is found in southern Africa (11). Previous studies have 
demonstrated that STH-associated morbidity is exacerbated by coinfections and high intensity 
infections (7, 12, 31, 45, 65) 
2.3.3 Determinants of STH infections 
Previous studies have shown that socioeconomic status (SES), age, household environment, 
sanitation, level of education, and water source are key determinants of prevalence and intensity of 
STH infection and coinfection (11, 29, 40, 45, 53). Brooker and Clements (2009) found that 
temperature, elevation, and distance to water bodies are key predictors of the spatial distribution of 
coinfections with helminth parasites in East Africa (29). A study conducted by Traub et al (2004) 
demonstrated that intensity of helminth infection was associated with SES, age, household 
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crowding, level of education, religion, use of footwear when outdoors, defecation practices, and 
drinking water source (53). 
2.4 STH-associated morbidity control and public health interventions 
To control STH-associated morbidity, the WHO advocates the administration of regular 
chemotherapy with anthelminthic medicines such as albendazole and mebendazole to at-risk 
populations (12). Importantly, the WHO proposes the global target of eliminating morbidity 
attributable to STH infections in school-aged children by 2020 by regularly treating at least 75% of 
school-aged children in STH endemic areas (18). The underlying guideline for STH-associated 
morbidity control is that treatment is given once a year where the prevalence of STH infections in 
the community is over 20%, and twice a year where the prevalence of STH infections in the 
community exceeds 50% at the commencement of a program (18). In addition, the WHO 
recommends that the implementation of STH control activities be integrated with health education 
and installation of water and sanitation facilities to improve hygienic practices (12). Each of those 
STH control interventions is explained in subsequent sub-sections. 
2.4.1 Mass drug administration (MDA) 
It is estimated that globally about 876 million children require preventive chemotherapy for STH 
infections (12). The WHO provides guidelines for targeting populations at risk and determining 
intervals for delivering mass drug administration (MDA). STH control interventions are often 
integrated with existing public health activities in order to reduce costs and increase cost-
effectiveness (12). For example, deworming programs for school-aged children are conducted at 
schools, deworming programs for pre-school aged children are conducted during vaccination 
campaigns, and deworming programs for women of childbearing age are conducted in maternal and 
child health services (12). 
The WHO recommends the periodic administration of anthelminthic medicines. This 
involves a single dose of albendazole (400 mg) and mebendazole (500 mg) to pre-school age 
children and school-age children). The WHO determines level of risk based on prevalence of STH 
infections. For example, communities where the prevalence of STH infections is over a threshold of 
20% are classified as “low risk” and MDA is conducted once a year. Communities where the 
prevalence of STH infections is over a threshold of 50% are classified as “high risk” and MDA is 
recommended to be conducted twice yearly. Large-scale MDA is not recommended in communities 
where the prevalence of STH infections is below a threshold of 20%, and individuals with STH 
infections are treated on a case-by-case basis (13, 57). 
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Chemotherapy based MDA programs are designed to reduce the worm burden in the most 
heavily infected 10% to 15% of children (12). Repeated treatments are necessary to keep the worm 
burden low and thus reduce morbidity (7, 27, 34). However, previous studies reported that 
reinfection is common in highly contaminated environments even after treatment (58, 66, 67). 
Several studies have indicated that chemotherapeutic efficacy is highly species specific, and that 
interactions between parasite species need to be taken into account for population level intervention 
efficacy and for integrated helminth control intervention (65, 68, 69). 
The Cochrane review examined randomised control trials (RTCs) of deworming to look at 
the effect of STH deworming on different outcomes, including school attendance, school 
performance, cognitive test scores, body mass index, weight, height, and haemoglobin levels. The 
review found limited evidence of a statistically significant effect of mass STH deworming on 
nutritional, cognitive, and educational benefits (70).Other studies have also suggested that more 
research is required on the effect that deworming has on the cognitive development of children (40, 
71-74). 
While current STH control strategies have focussed on preventive chemotherapy through 
MDA, MDA alone will not interrupt STH transmission. Anderson et al (2014) advised that long-
term solutions to controlling STH infections require improvement of the quality of the water supply, 
sanitation, and hygiene (WASH), in addition to MDA (75). STH control interventions such as 
WASH and health education are explained in detail in the following sub-section. 
2.4.2 Water supply, sanitation, and hygiene (WASH) and health education 
Jia et al (2012) indicated that treatment with albendazole or mebendazole fails to control STH 
infections sustainably, since reinfection occurs rapidly (66). Therefore, in addition to MDA, STH 
control interventions such as health education and improvements to WASH are required for 
sustained control of the STH infections (23, 60). WASH intervention includes improvements in 
water access, water quality, water quantity, distance to water, sanitation access, access to improved 
latrines, latrine maintenance, faecal sludge management, hygiene practices including hand washing 
before eating and after defecation, use of soap, and wearing of shoes (59). A recent study has 
provided proof of principle that increased knowledge can effectively prevent STH infection (60). 
2.5 Cognitive dysfunction and its association with STH infections 
2.5.1 Cognitive dysfunction 
Cognitive dysfunction is a complex multifactorial outcome resulting from the interplay of multiple 
factors including the decline in the function of immune cells that is associated with 
neurodegenerative diseases such as Alzheimer’s diseases, vascular disease, traumatic brain injury, 
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congenital heart diseases (76-78), systematic intestinal inflammation, microbiota dysbiosis, and 
nutrient malabsorption, which is often caused by enteric infections and malnutrition (79-81). 
Factors such as host nutrition, genetics, physiology, and behaviour may modify host 
immune-responsiveness and hence susceptibility to cognitive dysfunction (46). Previous studies 
indicated that iron deficiency could affect neurophysiological development, neurotransmitter 
function in the hippocampus, which is central to recognition and memory processing, metabolism, 
and myelination (82-86). These changes can lead to cognitive and motor developmental delay (86). 
The severity of cognitive dysfunction of infants can also be determined by maternal 
exposure to risk factors and the timing of exposure (87-90). These include maternal disease and 
genetic disorders during the prenatal period, encephalopathy during labour, and infections, 
traumatic brain injury, and seizures after birth (3, 91). 
2.5.2 Cognitive dysfunction associated with STH infections 
While it is well established that STH infection is known to cause multiple morbidities (11, 12), 
what remains in dispute is the role of STH infections in cognitive dysfunction in children due to 
lack of evidence and inconsistency of results on this subject. Globally, more than 610 million 
school-aged children are at risk of morbidity due to STH infections (12, 13). Given the role that 
STH infections play in childhood morbidity, it is important to explore the effect of STH infections 
on cognitive dysfunction in children. The relationship between cognitive dysfunction in children 
and STH infections could be explored by applying spatial epidemiological analysis. In doing so, the 
extent to which STH infections impair cognitive function in children (at different developmental 
stages) could then be explored in areas identified as most at risk. This could be done by carefully 
designing adequately powered longitudinal (or cohort) studies to assess how infection pre-birth can 
affect cognitive milestones of children. Alternatively, this could be achieved by conducting 
randomised controlled trials to assess the effect of deworming on childhood cognitive development. 
It is also important to utilise culture-sensitive neuropsychological measurement tools, collect data 
on intensity of STH infections, and to control all potential known risk factors of cognitive 
dysfunction in statistical models in order to isolate the effect of STH infections on cognitive 
dysfunction. 
2.5.3 Mechanisms involved in STH-associated morbidity 
The larval stages of STH, when they migrate through tissue, last for several days for T. trichiura 
and several weeks for A. lumbricoides and hookworm (92, 93). The stimulation of the immune 
system is considered to be greatest during the larval migration through the body, however 
hookworm and T. trichiura can stimulate an immune response by attaching to the intestinal mucosa. 
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The physical movement of the larvae through tissue can cause local trauma due to larvae being in 
direct contact with the host immune system, which causes inflammation and intestinal obstruction, 
which contribute to protein-energy malnutrition (PEM), and stunted growth (92, 93). As a result, the 
larval stimulation of the immune response may lead to anorexia and malabsorption of Vitamin A, 
fat, and iron (7, 43, 73, 94-96). 
Adult T. trichiura can cause local tissue damage and blood loss by burrowing into the 
mucosa of the colon, which can cause inflammatory bowel disease, chronic abdominal pain, 
diarrhoea, and anaemia (92). Hookworms can cause tissue damage and blood loss by burrowing into 
the skin and feeding on blood from the capillaries that supply the intestinal mucosa, leading to iron-
deficiency anaemia, which in turn could cause delayed physical growth and impaired cognitive 
development (92). 
There is some suggestive evidence that helminthic infections with tissue migration larval 
stages are potentially capable of inducing CNS disease (97). Watkins and Plitt (1987) indicated that 
it is possible for STH larvae to penetrate the central nervous system and cause neurological effects, 
however evidence to support this is lacking and inconclusive (92). Emerging evidence has 
suggested a potential pathogenic mechanism via the so-called helminth-gut microbiota-brain axis, in 
which helminth-induced alterations to the intestinal microbiota are proposed to impair cognitive 
function including memory and learning capabilities and social functioning (1, 98). 
Whilst some degrees of cognitive dysfunction in children may be partially due to STH 
infections, it is not the only reason for the occurrence of cognitive dysfunction in children. In 
developing countries, such as the Philippines, where malnutrition commonly occurs, cognitive 
dysfunction could be caused by malnutrition in complex combinations with other factors including 
deprivation of environmental and emotional stimulation, biological factors, and infections such as 
pneumonia, meningitis, STH, and malaria (10). 
In order to explore how STH infections may affect cognitive function in children, a 
plausible theoretical explanation of the role of STH infections in cognitive dysfunction was drawn 
from available evidence. Figure 2-2 shows a plausible causal pathway demonstrating the 
relationship between STH, plausible risk factors, and cognitive function. 
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Figure 2-2 Plausible causal pathway demonstrating the relationship between STH, other risk factors and childhood cognitive function based on available evidence 
*Images of species of STH, adopted from the U.S. Center for Disease Control and Prevention, Center for Global health, Division of Parasitic Diseases and Malaria. 
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2.5.4 Cognitive dysfunction associated with STH infections in children under five 
years old 
The early onset of cognitive dysfunction could influence different aspects of development at various 
stages of childhood (3, 4, 99). The first five years of childhood constitute a critical period for 
development of cognitive function, which is associated with the development of domains such as 
motor function, memory, language, and social skills (100). Evidence demonstrating the effect of 
STH infection on development of cognitive function for children under five years old (U5s) is still 
limited. 
Pregnant women with STH infection are at risk of iron-deficiency anaemia, leading to low 
birth weight, which contributes to cognitive developmental delay of children under 2 years old. 
Mireku et al (2015) reported that STH infection in women at least once during pregnancy is 
associated with delayed cognitive and gross motor function in their children at 12 months of age 
(99). Evidence suggests that deworming during pregnancy (after first trimester), combined with 
iron-supplementation, reduces maternal anaemia, which in turn reduces the risk of developmental 
delay in the children born (12). 
Continuous exposure to iron-deficiency anaemia put great risk on cognitive, physical and 
social-emotional development of infants and U5s (3, 96). Stoltzfus et al (2001) conducted a double 
blind, placebo controlled randomised trial of iron supplementation and anthelmintic treatment, to 
measure the effects of iron supplementation and anthelmintic treatment on iron status, anaemia, 
growth, morbidity, and development of 614 children aged 6 to 59 months in Zanzibar. This study 
showed that both motor and language development of U5s improved after iron-supplementation and 
anthelmintic treatments (96). 
2.5.5 Cognitive dysfunction associated with STH infections in school-aged children 
Previous studies that look at the effects of STH infection on cognitive development of school-aged 
children reported that learning ability and school performance are influenced by STH infection (25, 
33, 101-103). Kvalsvig et al (1991) reported that nutritional status and parasite load were 
significantly associated with performance on attention tasks and decision times among school-aged 
children in South Africa (104). A study conducted by Nokes et al (1992), which looked at the 
association between deworming and development of children in Jamaica, found that school-aged 
children improved memory test scores after treatment (105). A limitation of those previous studies 
is that it is not clear whether the reported association between STH infection and cognitive function 
is causal or results from other factors such as SES, living environment, education opportunities, 
other infections, and diseases. Current evidence on STH infections and cognitive development of 
school-aged children is limited and inconclusive. 
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2.5.6 Major confounders of cognitive dysfunction associated with STH infections 
Cognitive dysfunction in children is not primarily caused by STH infections. In the following 
sections, major confounding factors of cognitive dysfunction, such as malnutrition, infection with 
malaria, and iron-deficiency anaemia are discussed. These commonly afflict school-aged children, 
which are the target age group of this Thesis. 
2.5.6.1 Malnutrition 
Malnutrition occurs when the body does not receive enough nutrients (106). It affects an estimated 
852 million people worldwide, with more than 35% in Africa, 25% in India, and 5 – 20% in Latin 
America and the Caribbean (107). Nutrition is measured by the minimum daily caloric intake (106). 
Nutritional deficits may affect the peripheral nervous system, the spinal cord, and the central 
nervous system resulting in cognitive dysfunction, leading to memory and sensory deficits (107). 
The brain requires a constant supply of nutrients including glucose, amino acids, fatty acids, 
micronutrients such as vitamins and minerals to synthesise neurotransmitters, and proteins (107, 
108). Low socioeconomic status affects income, living conditions, household food security, and 
access to clean water, sanitation, and health care (109). These are main factors that are found to be 
associated with malnutrition and micronutrient deficiencies, which may interfere with cognitive and 
physical development of children (108, 110). 
2.5.6.2 Malaria 
Malaria is a disease caused by parasites that are transmitted to humans by Anopheles mosquitoes 
(111). The majority of disease and death from malaria are caused by two species: Plasmodium 
falciparum and Plasmodium vivax (42, 111-118). According to the latest statistics from the WHO, 
an estimated 3.3 billion people in 97 countries are at risk of being infected with malaria (111). More 
than 7 million people are estimated to be at high risk of malaria in the Philippines (7% of total 
population), which is the country central to this Thesis. 
The burden of malaria is heaviest in the African countries, where high rates of morbidity 
occur, and an estimated 90% of all malaria deaths occur in U5s (111). The major Plasmodium 
species in the Philippines are P. falciparum (79%) and P. vivax (20%) (111, 112, 119). Several 
studies have suggested malaria is associated with a risk of worsening nutritional status and physical 
development of children (42, 120, 121). Hypoglycaemia is an important complication of 
P. falciparum malaria, especially in children and pregnant women (115). 
A study conducted by Fernando et al (2013) found that repeated attacks of malaria have an 
adverse impact on the school performance of children (113). There are three main preventive 
interventions for malaria: utilisation of long-lasting insecticide-treated nets, indoor residual 
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spraying, and provision of chemoprophylaxis (111, 122). Studies on the effect of malaria on 
development of cognitive function in children have predominantly focussed on African populations 
(42, 94, 112, 123-127). To date, there have been very few studies focussing on South-East Asian 
populations. 
2.5.6.3 Iron-deficiency anaemia 
Iron-deficiency anaemia (IDA) refers to a condition in which haemoglobin synthesis is impaired to 
the cut-off level for anaemia. For example, a child 5 – 11 years of age with a haemoglobin level of 
114 or less is considered anaemic (128). IDA is associated with neurological disorders (107) and is 
listed as one of the most common nutritional deficiencies (129). According to the WHO, it is 
estimated that 30 – 80% of preschool children in developing countries are at risk of IDA at one year 
of age, and it contributes to 20% of all maternal deaths of pregnant women (26, 130). According to 
a recent report, the prevalence of IDA is highest in West Africa and southern Asia (131). 
Available evidence suggests that IDA can be caused by multiple factors in developing 
countries (3, 130, 132, 133). These include poverty, malnutrition, insufficient dietary intake, 
chronic loss of blood due to intestinal parasites such as hookworm and Schistosoma infections (96, 
133), and malaria (113). A previous study showed that U5s were anaemic due to a combination of 
malaria and STH infections. The findings also showed developmental delays related to anaemia 
(96). Other studies reported that stunting, malaria, and anaemia affected development of motor 
function and language in children (40, 134). 
2.5.6.4 Other 
Development of cognitive function in children is influenced by the interplay of a wide array of 
factors. Evidence from longitudinal studies in children also indicated that the severity of cognitive 
dysfunction can be exacerbated by stress, low maternal education, younger maternal age, living in a 
rural environment, and poor psychosocial stimulation at home and at school (8-10, 135). 
2.6 Application of spatial epidemiology to understand the geographical 
distribution of STH-associated morbidity indicators 
2.6.1 Importance of mapping in infectious disease epidemiology 
Predictive risk maps, together with geospatial modelling, are emerging as important decision tools 
for public health policy makers around the world (33, 35, 136-138). Prediction maps have provided 
vital information on spatial heterogeneity in disease distributions, allowing spatially targeted 
interventions to areas with the highest predicted risk of disease in south-eastern Asia (22, 139, 140), 
East Africa (27, 141-143), West Africa (7), Latin America, and the Caribbean (144, 145). 
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2.6.2 Application of spatial epidemiology in STH infections 
Recent advances in geographic information systems (GIS) and remote sensing technologies have 
provided a means for linking geolocated survey data (e.g. infection survey data) with a wide range 
of environmental data, including land use, vegetation index, land surface temperature, precipitation, 
inland water bodies and water catchment areas, and elevation (22, 27, 146-148). Previous studies 
have demonstrated that mapping the prevalence of infections using spatial modelling provides a 
comprehensive set of analytical tools for evaluating the geographical variation of infection 
prevalence, estimating the number of infected individuals, and estimating the number of 
interventions required at different spatial scales, e.g. regional, sub-national, and national (7, 22, 27-
29, 32). 
Bayesian geostatistical models have been used in the spatial analysis and prediction of the 
prevalence and intensity of helminth infections (36, 37). Bayesian model-based geostatistics (MBG) 
is used to estimate associations between outcomes (e.g. infection) and covariates, and their 
associated uncertainty (34). These models are used to predict the outcome at unsampled locations 
(34, 38). MBG can incorporate different types of epidemiological information and produce a range 
of prediction maps such as maps of predicted prevalence of infection intensity and of coinfections 
(34). These maps have been used to help identify areas most at risk of morbidity (34). 
Chammartin et al (2014) conducted a spatio-temporal study in Brazil to investigate the risk 
of STH infections over time by applying Bayesian geostatistical models (149). The study produced 
a risk map indicating municipalities in need of interventions, which provided local STH control 
programs with useful information for prioritising spatial and temporal targeting of intervention. 
Clements et al (2009) used zero-inflated negative binominal Bayesian geostatistical models to 
produce prediction maps of subnational spatial variation in the number of school-aged children 
infected with Schistosoma haematobium in Burkina Faso, Mali, and the Niger (32). These 
prediction maps indicated where high-intensity infection with S. haematobium was clustered. The 
study demonstrated that prediction maps are effective tools for estimating the disease burden of 
local populations and for aiding the development of interventions (32). 
Karagiannis-Voules et al (2015) predicted the spatial and temporal distribution of STH 
infection across sub-Saharan Africa using Bayesian geostatistical models to estimate risk of STH 
infection and the number of anthelmintic treatments required (101). Similarly, Scholte et al (2014) 
produced a smoothed predictive risk map of schistosomiasis in Brazil using Bayesian geostatistical 
models (145). Saboya et al (2013) conducted a systematic review to identify available spatial 
epidemiological studies on prevalence of infection intensity and prevalence of mono- and 
coinfections with STH using data published between 2000 and 2010 in Latin America and the 
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Caribbean (144). The study stressed the need for maps of prevalence of infection intensity to 
determine the burden of STH infection in preschool aged children and suggested that such maps be 
used in the allocation of resources for interventions (144). 
Spatial epidemiological studies have been applied to investigate the role of the environment 
in spatial variation of STH infections. Soares Magalhães et al (2011) conducted a spatial 
epidemiological study investigating co-distribution of S. haematobium and hookworm infections, 
and the spatial overlap of infection intensity of both infections in Ghana (27). In this study, STH 
coinfections and co-intensity prediction maps were produced to identify communities at increased 
risk of severe morbidity. Soares Magalhães et al (2013) predicted the spatial distribution of risk of 
anaemia in children under 15 years of age in northern Angola by using Bayesian geostatistical 
models. In this study, a high-resolution predictive risk map of anaemia at a small spatial scale was 
produced and demonstrated that malnutrition and parasitic infections are important contributors to 
the spatial variation in anaemia risk (95). 
2.6.3 Application of spatial epidemiology in STH-associated morbidity indicators 
While several spatial epidemiological studies on STH infections have been conducted, little 
attention has been placed on the spatial patterns of STH-associated morbidity (34). Only a small 
handful of studies in the published literature have produced maps to describe the spatial distribution 
of morbidity outcomes of helminth infections such as malnutrition and anaemia (7, 27, 34). Soares 
Magalhães et al (2011) investigated the geographical distribution of prevalence of anaemia and 
mean haemoglobin concentration (Hb) in children from one to four years of age in Mali, Bukina 
Faso, and Ghana (7). The study produced a high-resolution map of anaemia risk in preschool 
children adjusted for malnutrition and parasitic infections. This helped the design of spatially 
targeted STH-associated morbidity control interventions in the countries included in the study. 
2.7 Knowledge gaps 
2.7.1 Measurement of cognitive dysfunction in the context of STH infections 
While the effects of STH infections on cognitive development of school-aged children have been 
explored by several studies, little attention has been placed on cognitive development of infants or 
U5s (39, 40, 64, 92, 93, 99). 
Available evidence suggests that various diagnostic tests have been used to measure the 
effect of STH infections on cognitive function of children. The tests have been used to measure a 
variety of psychometric outcomes ranging from fundamental capabilities such as information 
processing, verbal fluency, attention, memory, reaction time, and decision time to more complex 
intellectual capabilities such as IQ, school performance, and advanced mathematical assessments (7, 
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25, 27, 39-44). Due to each study using varying outcome measurements, it is difficult to directly 
compare the different effects of STH infections on cognitive development in children. 
2.7.2 Spatial epidemiology of cognitive dysfunction associated with STH infections 
The effects of STH infection on cognitive function of children have been reported by several studies 
but results have been inconsistent and there has been recent debate in relation to the adequacy of the 
design of studies looking specifically at this subject (74). The majority of currently available studies 
(7, 25, 27, 39-44) have investigated the association between STH infections and cognitive function 
of children using logistic regression models and chi-squared tests (Table 2-1). However, to date, 
there have been no studies that apply spatial epidemiological approaches over local, regional, and 
national scales to investigate the association between STH infections and cognitive function of 
children. 
Available evidence suggests that indicators based on coinfections and infection intensity, 
which are linked to higher degrees of morbidity, are useful for estimating disease burden (27). 
Furthermore, prediction maps based on coinfections and infection intensity models have been 
shown to enable the design of spatially targeted helminth control interventions (27, 34). Previous 
studies have modelled STH infection intensity by fitting Poisson distributions to the infection 
outcome, or in the case of overdispersed data, by fitting negative binomial or zero-inflated variants 
(27, 28). Such studies have not been conducted in the Philippines. 
2.8 Conclusion 
The literature review has identified that the effects of STH infections on the cognitive function of 
children are inconclusive and that the previous findings on the association between STH infections 
and cognitive function are often conflicting. A limitation of previous studies is that it is not clear 
whether the reported relationships between STH infections and childhood cognitive dysfunction are 
causal or result from other factors such as socioeconomic status, living environment, education 
opportunities, other infections, and diseases. Furthermore, different tests have been used to measure 
the effect of STH infections on cognitive function of children. Due to each study using varying 
outcome measurements, it is difficult to directly compare the different effects of STH infections on 
cognitive development in children. Further research on cognitive developmental indicators is 
required to elucidate how different domains of cognitive function are associated with STH 
infections. Application of spatial epidemiology in the mapping of cognitive dysfunction indicators 
will provide an evaluation planning tool for the design and implementation of interventions for 
STH-associated cognitive developmental morbidity control.  
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Table 2-1 Statistical methods used in previous studies on the association between STH infections and 
childhood cognitive function 
Reference 
Age 
category a 
Species of 
STH included 
in analysis b 
Statistical model used 
(99) 0 – 24 m ATH Pearson's correlation, student t-test, Wilcoxon rank sum test, chi-squared test 
(150) 0 – 24 m ATH Hierarchical linear regression analyses 
(151) 0 – 24 m AT Chi-square, students t-tests, analysis of variance, multivariate logistic regression 
(152) 25 – 59 m A Chi-square, students t-tests 
(151) 25 – 59 m AT Chi-square, students t-tests, analysis of variance, multivariate logistic regression 
(96) 25 – 59 m ATH Multivariate regression models 
(153) SA ATH Stepwise multiple linear regression analysis  
(154) SA ATH Descriptive 
(155) SA ATH Descriptive 
(156) SA H T-tests, sensitivity analysis,  
(157) SA AH Linear regression analysis  
(158) SA T Regression analysis 
(159) SA ATH Mixed effects regression model 
(160) SA ATH Multivariate random effects regression model 
(161) SA ATH Logistic regression  
(162) SA T Analysis of covariance (ANCOVA), Mann-Whitney U-test, regression analysis 
(163) SA H Linear growth model 
(164) SA ATH Bilog computer program 
(165) SA AT Analysis of variance, analysis of covariance, Kolmogorov-Smirnov, chi-square tests 
(94) SA ATH 
Chi-square, Fisher’s exact test, t-test statistics, 
Wilcoxon signed rank sum, one-way ANOVA, Kruskal-
Wallis tests 
(166) SA AT Multivariate regression models  
(167) SA AH Proportional odds models, logistic regression 
(168) SA ATH Analysis of variance (ANOVA), Fisher's exact test  
(169) SA H Logistic regression 
(104) SA ATH Regression analysis 
(170) SA AT Multivariate regression analysis, analyses of variance, t-tests  
(171) SA ATH Bonferroni method, multiple linear regression model 
(172) SA H Mann-Whitney U-test 
(173) SA ATH Regression analysis 
(174) SA ATH Linear regression analysis  
(175) SA ATH McNemar test, ANCOVA models. Logistic regression. 
(105) SA ATH Multiple linear regression model  
(176) SA ATH Multiple linear regression model  
(177) SA H Regression model, chi-square, the Mann-Whitney U-test 
(178) SA AT Multiple regression analyses  
(179) SA T Multiple regression analyses  
(180) SA T Student's t tests, Mann-Whitney U-test 
 
Table continues onto the next page. 
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Reference 
Age 
category a 
Species of 
STH included 
in analysis b 
Statistical model used 
(181) SA T Descriptive  
(182) SA ATH Analysis of variance (ANOVA), regression analysis  
(183) SA T Analysis of covariance (ANCOVA) 
(184) SA H Descriptive, Spearman correlation 
(185) SA AT Student's t tests 
(186) SA ATH Multivariate logistic regression model 
a m = months, SA = School-aged (5 – 19 years old); b A = A. lumbricoides, T = T. trichiura, H = Hookworm 
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Chapter 3 Data Sources and Methods 
3.1 Data sources 
The findings of this study are supported by data that are available from public online repositories 
and data that are publicly available upon request of the data provider. This Chapter contains a 
detailed description of the data sources used in each research Chapter. 
The study in Chapter 4 is a systematic review, which uses databases including PubMed, 
CINAHL, EMBASE, Medline via Web of Science, Cochrane, ScienceDirect, Psych Articles and 
PsychINFO via APA PsychNET, and Scopus. The studies in Chapter 5, Chapter 6, and Chapter 7 
are ecological level studies, which use existing data retrieved from different sources, including 
infection data collected from the 2005 – 2007 National Schistosomiasis Survey and cognitive 
dysfunction data from the 2008 Functional Literacy, Education and Mass Media Survey 
(FLEMMS). These were the best and most contemporaneous data available and represent a cross 
section of the school-age population in the Philippines. 
Importantly, both infection data and FLEMMS data represent the population from the main 
regions of the Philippines (i.e. Luzon, the Visayas, and Mindanao) around the same time period 
(i.e. 2007 – 2008). This was important for the purpose of creating spatial models because 
household-level and environmental-level factors (i.e. natural and anthropogenic environmental 
factors), and the underlying spatial prevalence of STH infections and functional illiteracy in the 
targeted population may be similar in terms of geographic range and environmental dynamics. 
Furthermore, FLEMMS was well designed, using translated survey questionnaires, and was 
conducted by trained interviewers, with a household response rate of 95%. Potential sources of bias, 
including information bias, measurement errors, and confounding errors have been considered 
during my study. I attempted to incorporate potential risk factors in my regression models as 
confounders, in order to minimise biased estimation of the risk factor, and also investigated the 
effects of potential confounders. The adjusted and unadjusted parameters are presented in 
Chapters 5 to 7. That said, the observed association does not necessarily count as evidence at the 
individual level in the population investigated in my study because data have been aggregated to the 
regional level. For the purpose of an ecological study, my findings cannot be generalised at the 
individual level. This is also known as ecological fallacy (187, 188). 
3.1.1 Study area 
The Philippines is situated in Southeast Asia in the western Pacific Ocean and consists of 7,107 
islands in three main geographical regions: Luzon, the Visayas and Mindanao (189) (See Figure 
3-1). The smallest administrative division is the barangay (an average diameter of 11 km) of which 
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there are a total of 42,028 (189). At the last census (2015), the Philippines total population was 
100.98 million, up from 92.34 million in the previous census (2010), with ~30 million individuals 
aged 5 to 19 years (190). 
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(B) 
 
Figure 3-1 Maps of the Philippines: (A) Location and (B) Regions 
 
Note: The boundary lines in (B) represent provincial borders.
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3.1.2 Data on soil-transmitted helminth (STH) infection 
National STH infection data collected in 2005 to 2007 were made available for this study by the 
national program of helminth control in the Philippines. STH infection data were collected during 
the National Schistosomiasis Survey in the Philippines (50). Infections were diagnosed using the 
Kato-Katz method and the concentration of eggs (i.e. infection intensity) was expressed as eggs per 
gram of faeces (epg). Further information about survey design is provided in Chapter 6. 
In the national survey, STH infections were diagnosed by the detection of parasite eggs in 
two stool samples collected in two separate days from each individual, using a Kato-Katz thick 
smear examination. However the submission of the second stool sample was reported to be 
inconsistent thus only the results from the first examination was taken (50, 191). Infection intensity 
was expressed as eggs per gram of faeces (epg) (22). Each individual was categorised into infected 
or not infected based on the presence of at least one egg. I only considered data for A. lumbricoides 
and T. trichiura because coinfections with these parasites were most prevalent. 
I analysed infection intensity data only from Mindanao because the majority of STH 
infections for Luzon and the Visayas were of light infection intensity. I excluded hookworm from 
my infection intensity models because the majority of hookworm infections in Mindanao were of 
light infection intensity (1 – 1,999 epg). 
Data on infection intensity were categorised according to the WHO classes: 0, 1 – 4,999, 
5,000 – 49,999, and over 50,000 epg for A. lumbricoides and 0, 1 – 999, 1,000 – 9,999, and over 
10,000 epg for T. trichiura for light, moderate and high infection intensity, respectively (26). My 
dataset was organised in such a way to estimate the prevalence of classes of infection intensity as 
defined by WHO for the following two reasons; 1) infection intensity is an important index for 
severity of morbidity associated with STH infections and; 2) the prevalence of infection intensity 
classes is considered a useful indicator of WHO to monitor the programs’ progress towards the 
elimination of morbidity from moderate and high intensity of STH infections. 
I combined moderate and high infection intensity classes due to low prevalence of high 
infection intensity classes for all species of STH in my analyses. Data from the regions of Luzon 
and the Visayas were combined due to the size of the separate datasets, the frequent movement of 
people between islands of both regions and the similar spatial dependence patterns in these two 
regions as demonstrated in my spatial analyses. 
The presence of infection was measured for a total of 10,276 participants for Luzon and the 
Visayas, 19,643 for Mindanao from 187 survey locations (i.e. 79 locations in Luzon and the 
Visayas, 108 locations in Mindanao), with complete information regarding STH infection status, 
barangay geolocation and demography (i.e. age and sex). For the purpose of this study, age was 
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stratified as categorical variables (children under 5 years old, school-aged population defined as 5 to 
19 years old, and individuals aged 20 years and older). Further information about STH infection 
data is provided in Chapter 6. 
Ethical clearance for the use of STH infection data was provided by the University of 
Queensland School of Medicine Low Risk Ethical Review Committee (clearance number 2014-
SOMILRE-0100). 
3.1.3 Data on Plasmodium infection (P. falciparum and P. vivax) 
Spatial predicted values of P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) parasite rate for 
children 2 to 10 years of age were created by the Malaria Atlas Project using model-based 
geostatistical models (117). Further information about Plasmodium infection data is provided in 
Chapter 7. 
3.1.4 Data on functional literacy 
The 2008 Functional Literacy, Education and Mass Media Survey (FLEMMS) is the fourth in a 
series of functional literacy surveys conducted in the Philippines. The previous three rounds were 
conducted in 1989, 1994 and 2003. The 2008 FLEMMS used the 2003 survey master sample (MS) 
created for household surveys on the basis of the 2000 Census Population and Housing (CPH) 
results (192). 
In brief, for each region, a three-stage sampling scheme was used: the selection of primary 
sampling units (PSU) for the first stage, of sample enumeration areas (EA) for the second stage, and 
of sample housing units for the third stage. The FLEMMS sampling scheme is described in detail in 
Chapter 5. The heads of households were administered with the household questionnaire, and all 
information was gathered by trained interviewers (a copy of the FLEMMS forms available for 
reference from corresponding author). All members 10 to 64 years old in the sampled households, 
regardless of educational attainment, were provided with a self-administered individual 
questionnaire. All questionnaires were prepared in English and translated into 26 local languages 
commonly spoken in the selected sample areas, including Tagalog, Ilocano, Bicol, Waray, Cebuano 
and Hiligaynon (192). 
Functional literacy rates were estimated based on seven themes or questions included in the 
FLEMMS individual questionnaire, using a value set of 1 ‘satisfactory’ and 2 ‘not satisfactory’ 
(which also includes ‘not answered independently’ or ‘no answer’). Themes included 1) name; 
2) address; 3) date of birth; 4) highest school grade completed; 5) first simple arithmetic questions 
e.g. if a kilo of rice costs P25.00, how much will two kilos cost?; 6) second simple arithmetic 
questions e.g. if a kilo of sugar costs P38.00, how much will half a kilo cost?; and 7) reading 
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comprehension (192). All items were categorised into dichotomous variables (satisfactory or not 
satisfactory). A summary of the individual scores was used to determine the functional literacy 
level. Reading and writing skills were assessed based on the scores of themes 1 to 4, arithmetic 
skills on themes 5 and 6, and comprehension skills on theme 7. 
Ethical clearance for the use of functional literacy data was provided by the University of 
Queensland School of Medicine Low Risk Ethical Review Committee (clearance number 2014-
SOMILRE-0100). Confidentiality of private data was maintained according to the UQ ethical 
guidelines throughout the study. That said, all sensitive data were deidentified during the conduct of 
my study by removing direct identifiers such as names and addresses. 
3.1.5 Data on sociodemographic, household-level variables 
FLEMMS household and individual questionnaires also collect information on school-aged children 
and the heads of households, including age, sex, marital status, education level, employment, 
occupation status, water supply, sanitation and hygiene (WASH), socioeconomic status (SES), 
allowing for an analysis of individual and household-level status and the impact of these covariates 
on the prevalence of functional literacy indicators in school-aged children. 
3.1.5.1 Sociodemographic indicators 
I used data from the FLEMMS household and individual questionnaires on school-aged children 
and the heads of households, including age, sex, marital status, education level, employment, and 
occupation status. This indicator is described in detail in Chapter 5. 
3.1.5.2 Water supply, sanitation and hygiene (WASH) indicators 
I used data from the FLEMMS household questionnaire on the following WASH indicators: a) 
main sources of drinking water (piped into dwelling, protected well, unprotected well, lake or pond 
or rain water or rivers, and other); b) the types of toilet facility at home (flush toilet, pit toilet, and 
no toilet or bush or field); c) main material of floor (natural floor earth or sand, bamboo or palm or 
wood, cement, and other); d) main material of roof (palm or bamboo or wood, aluminium, and 
other); and e) main material of outer walls of houses (bamboo or cane or palm or wood, cement, and 
other). 
3.1.5.3 Socioeconomic status (SES) indicators 
I used data from the FLEMMS household questionnaire which included a poverty indicator 
(dichotomous variable: poor or non-poor) generated using ownership of household amenities and 
conveniences (e.g. whether the home had electricity, refrigerator, washing machine, phone, cell 
phones, TV, CD, Karaoke or video machine, personal computer, tractor, boat, car, tricycle, 
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motorcycle, bicycle) (192). I used this binary poverty indicator as a proxy of household-level SES 
in order to classify households as either low or high SES. 
3.1.5.4 Household education stimuli indicators 
The HOME (Home Observation for Measurement of the Environment) inventory has been used 
globally and in a wide variety of studies to measure the quality of cognitive stimulation and 
emotional support provided by a child’s parents and family (193-196). Because there were no 
formal HOME inventory assessments conducted during FLEMMS, I constructed my education 
stimuli measure using selected variables in the FLEMMS household questionnaire that are part of 
the HOME, following a procedure described elsewhere (197). This is consistent with the scoring 
format of the Early Adolescent HOME inventory version for children aged 10 to 15 years old which 
contains 60 items clustered into 7 sub-index: 1) physical environment, 2) learning materials, 
3) modelling, 4) instructional activities, 5) regulatory activities, 6) variety of experience, and 
7) acceptance and responsivity, using a binary-choice (yes/no) format in scoring items for the 
HOME (194, 195). 
In brief, a total of 19 items were selected from FLEMMS as the home inventory-proxy items 
(Table 3-1). These included questions such as ‘Does your family read newspapers?’, ‘Does your 
family listen to radio?’, ‘Is there a personal computer at home?’ All selected items were close-ended 
questions. The items were used to construct cognitive stimulation sub-indices. All of the individual 
items were translated into dichotomous (yes or no) variables. This is consistent with the scoring 
format of the Early Adolescent HOME inventory version for children aged 10 to 15 years old which 
contains 60 items clustered into 7 sub-index: 1) physical environment, 2) learning materials, 3) 
modelling, 4) instructional activities, 5) regulatory activities, 6) variety of experience, and 7) 
acceptance and responsivity, using a binary-choice (yes/no) format in scoring items for the HOME 
(194, 195). The total score is the summation of the individual item scores and was used as a 
covariate in models presented in Chapter 5 and Chapter 7. 
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Table 3-1 Household education stimuli score 
Cognitive stimulation sub-index (Based on FLEMMS item number) Yes (1) / No (0) 
Is there a TV at home?  
Is there a phone at home?  
Is there a radio at home?  
Is there a CD at home?  
Is there a karaoke machine at home?  
Is there a personal computer at home?  
Does your family read newspapers?  
Does your family read the magazines?  
Does your family read the posters?  
Does your family watch TV?  
Does your family listen to radio?  
Does your family watch movies?  
Does your family use internet?  
Does your family attend meetings of organisations?  
Does your family own a boat?  
Does your family own a tractor?   
Does your family own a car?  
Does your family own a tricycle?  
Does your family own a bicycle?   
Total score (Out of 19)  
 
3.1.6 Data on the physical environment 
Data for average annual land surface temperature (LST), average annual rainfall, and distance to 
perennial water bodies (DPWB) were obtained from WorldClim (www.worldclim.org). Normalised 
difference vegetation index (NDVI), which serves as a proxy measure of rainfall for a 1 × 1 km grid 
cell resolution were obtained from the National Oceanographic and Atmospheric Administrations’ 
(NOAA) Advanced Very High Resolution Radiometer (148). These variables were included 
because many known contributors to cognitive dysfunction such as communicable and non-
communicable diseases are influenced by environmental factors (7, 22). Values of environmental 
variables at each survey location were extracted using geographic information system (GIS) 
software (ArcGIS version 10.4.0.5524) (198). Electronic maps of the barangays were obtained from 
the geographic data warehouse DIVA GIS (www.diva-gis.org/Data) and PhilGIS 
(www.philgis.org). 
3.1.7 Data on population density 
I extracted 2015 population density data (spatial resolution of 0.000833333 decimal degrees 
(approx. 100 m at the equator) for the Philippines from the AsiaPop Project (www.asiapop.org) 
which estimates the total number of people per grid square across Asia (199). The population 
structure and population growth rate of the Philippines for 2015 to 2020 was obtained from the 
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World Population Prospects 2015 Revision Population Database (200, 201) to produce a map of 
total number of school-aged children aged 5 – 19 years per grid square in the Philippines for 2017 
(Figure 3-2). 
 
Figure 3-2 Projected estimates of total number of school-aged children per grid square across the Philippines 
3.2 Methods 
Specific analytical methods include visualization (maps using software for analysing geographic 
information system (GIS) data, such as ArcGIS or Quantum GIS, describe spatial patterns to form 
hypotheses for further analysis), exploration (non-spatial multivariable regression models using a 
frequentist statistical software such as STATA, R or Python to determine whether observed patterns 
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are random in space or identify the cause-effect relationship of the distribution and extent of the 
clusters) and modelling (use of spatial and non-spatial data source to explain or predict spatial 
patterns). These methods require the use of datasets from ecology, microbiology, health or 
anthropometric information, environmental or geography information, and require the availability 
of georeferenced feature data (points or areas) (33-35). 
Bayesian geostatistical models have been used in the spatial analysis and prediction of the 
prevalence and intensity of parasitic infections (36, 37). Bayesian model-based geostatistics (MBG) 
can estimate relationships and associated uncertainty between infection outcomes and covariates, 
and the model is used to predict the outcome at unsampled locations (34, 38). MBG can incorporate 
different types of epidemiological information and produce a range of prediction maps such as 
prevalence of infection, coinfections and intensity maps on population at risk, which can help 
identifying the areas most at risk of morbidity (34). 
I have used the same modelling approach for predicting the prevalence of coinfections and 
infection intensity classes, and for predicting the prevalence of functional illiteracy. Framework for 
modelling data is summarised in Figure 3-3. The purpose of each step mentioned in the below 
framework is described in subsequent paragraphs.
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Figure 3-3 Framework for modelling data
Step 7: Estimation of the number of school-aged children with infection/functional illiteracy.
- Multiplied a raster map of the estimated total number of school-aged children in 2017 by the 
predicted prevalence of STH infection/functional illiteracy. 
Step 3: Build multinomial Bayesian model-based geostatistics (MBG).
- E.g. survey data were aggregated into groups according to location using outcomes.
Step 4: Model validation/determine discriminatory performance of the model predictions.
- The area under the curve of the receiver operating characteristics (ROC>0.7).
Step 5: Parameter estimation.
- An intercept, the individual, household-level, outcome variables, a geostatistical random effect.
Step 6: Final model predictions (MBG) of the posterior mean prevalence are mapped in GIS. 
- Marginal predictions at the nodes of a 0.05 × 0.05 decimal degree grid (approx. 5km²).
Step 2: Examine for spatial autocorrelation of residuals of the final model.
- Incorporate geostatistical random effect in the model. 
Step 1: Build non-spatial multinomial logistic regression models.
- Variable selection using uni/multivariable logistic regression models (Wald’s P>0.2 to P<0.05).
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3.2.1 Build non-spatial multinomial logistic regression models (Step 1) 
In all models, initial variable selection included selected covariates. Correlations between covariates 
were investigated using Pearson’s correlation coefficients. Frequentist fixed-effects multinomial 
regression models were developed to compare model fit, using the Akaike’s Information Criterion 
(AIC) (202). In this case, the term frequentist means a standardised linear modelling approach based 
on maximum likelihood estimation. Covariates were included in the final model based on 
backwards-stepwise regression analysis (with Wald’s p>0.2 as the exclusion criterion, and p<0.05 
as the entry criterion). 
3.2.2 Examine for spatial autocorrelation of residuals (Step 2) 
Residuals for non-spatial models with the final set of covariates were extracted and examined for 
spatial autocorrelation by generating semivariograms using the geoR packaged of R software 
version 3.1.1 (The R foundation for statistical computing, Vienna, Austria, www.R-project.org). A 
semivariogram is a graphical representation of the spatial variation in a dataset. In the case of 
residual semivariograms, these represent the spatial variation left unexplained by the covariates 
included in a model. 
The semivariogram is characterised by three parameters: the partial sill, which is the 
spatially structured component of the semivariance (indicative of the tendency for geographical 
clustering), the nugget, which is the spatially unstructured component of the semivariance 
(representing random variation, very small-scale spatial variability or measurement error) and the 
range, which is the distance at which locations can be considered independent (indicative of the 
average size of geographical clusters) (34). The tendency for geographical clustering within a 
region (i.e. proportion of variation that is due to spatial proximity) was estimated by dividing the 
partial sill by the sum of the nugget and the partial sill (34). 
3.2.3 Build multinomial Bayesian model-based geostatistics (Step 3) 
The unit of analysis was the barangay (the smallest administrative unit in the Philippines). Barangay 
centroids were estimated using the geographical information system (GIS) software Quantum GIS 
version 1.7.3 (QGIS Development Team, 2011) based on a shapefile of the barangays of the 
Philippines, obtained from the geographic data warehouse DIVA GIS (www.diva-gis.org/Data) and 
PhilGIS (www.philgis.org). Infection data, functional literacy data, environmental data were linked 
to the barangay centroid. Multinomial Bayesian models with geostatistical random effects were 
built using OpenBUGS (MRC Biostatistics Unit, Cambridge, and Imperial College London, UK) 
across the Philippines. 
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3.2.4 Model validation (Step 4) 
The area under the curve (AUC) of the receiver operating characteristic (ROC) was used to 
determine discriminatory performance of the model predictions. An AUC of 0.50 – 0.69¯ indicates 
poor discriminative ability, 0.70 – 0.89¯ indicates reasonable discriminative ability, and ≥0.90 
indicates good discriminatory ability (203). Detailed methodological steps are described in my 
research Chapter 6 and Chapter 7. 
3.2.5 Parameter estimation (Step 5) 
All models included an intercept, individual-level variables such as age and sex, household-level 
variables such as household education stimuli, socioeconomic factors, the selected environmental 
variables, and a geostatistical random effect. 
Bayesian model outputs for parameters of interest and for predictions at unsampled locations 
are probability distributions, termed posterior distributions, which represent the probability of a 
variable of interest taking each of a range of plausible values (34). The posterior distributions can 
be summarised by statistics such as the posterior mean and 95% Bayesian credible interval (BCI). 
For model coefficients, a variable was considered as influencing the outcome if it excluded zero. I 
used marginal prediction using spatial.unipred command, which implements independent 
simulations that do not consider neighbouring values. 
For each model, a burn-in of 35,000 Markov Chain Monte Carlo iterations was used 
followed by 5,000 iterations during which values for the intercept and coefficients were stored for 
parameter estimation and generation of predictive maps. Diagnostic tests for convergence of the 
stored variables were assessed using visualization of history and density plots of the series of 
posterior values. Detailed methodological steps are described in my research Chapter 6 and 
Chapter 7. 
3.2.6 Final model predictions, prediction maps and standard deviation maps (Step 6) 
Model predictions were used to generate representative risk maps of the prevalence of infections 
and functional illiteracy across the Philippines. Predictions were made at the nodes of a 0.05 × 0.05 
decimal degree grid (approximately 5 km2). The mean and standard deviation (SD) were extracted 
from the posterior distributions of predicted risk and plotted in ArcGIS version 10.4.0.5524 (198). 
Detailed methodological steps are described in my research Chapter 6 and Chapter 7. 
Predicted prevalence estimates were categorised into specific categories for visualizing 
prediction maps in Chapter 6 and Chapter 7. For example, in Chapter 6, very low STH prevalence 
was categorised as (<5%), low prevalence (5 – 10%), low to moderate STH prevalence (10 – 20%), 
moderate STH prevalence (20 – 30%), moderately-high prevalence (30 – 40%), high prevalence 
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(40 – 50%), and very high prevalence (>50%). Additionally, prediction uncertainty was defined by 
the standard deviation (SD) and was categorised into following categories: very low uncertainty 
(SD <0.100), low uncertainty (SD 0.100 – 0.149¯), low to moderate uncertainty (SD 0.150 – 0.199¯), 
moderate uncertainty (SD 0.200 – 0.249¯), moderate to high uncertainty (SD 0.250 – 0.29¯), and high 
uncertainty (SD ≥0.30). 
In Chapter 7, predicted prevalence of functional illiteracy was categorised into 11 
categories: <1%, 1 – 1.9¯%, 2 – 2.9¯%, 3 – 3.9¯%, 4 – 4.9¯%, 5 – 5.9¯%, 6 – 6.9¯%, 7 – 7.9¯%, 8 – 8.9¯%, 
9 – 9.9¯%, and ≥10%. Similarly, prediction uncertainty was defined by the SD and was categorised 
into five categories: very low uncertainty (SD <0.010), low uncertainty (SD 0.010 – 0.029¯), low to 
moderate uncertainty (SD 0.030 – 0.049¯), moderate uncertainty (SD 0.050 – 0.09¯), and high 
uncertainty (SD ≥0.100). 
3.2.7 Estimation of the number of school-aged children with infections and functional 
illiteracy (Step 7) 
All estimations were conducted in the ArcGIS Map algebra raster calculator (198). For example, to 
estimate the number of children with different levels of functional literacy across the Philippines in 
2017, I multiplied each of the predictive raster maps of functional literacy indicators by a raster map 
of the estimated total number of school-aged children (people per square kilometre) in 2017. All 
estimates were conducted in the ArcGIS Map algebra raster calculator (198). Further detailed 
methodological steps are described in my research Chapter 6 and Chapter 7. 
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Chapter 4 Measuring the effect of soil-transmitted helminth (STH) 
infections on cognitive function in children: systematic 
review and critical appraisal of evidence 
4.1 Context 
The literature reviewed in Chapter 2 highlighted that the results of association between soil-
transmitted helminth (STH) infections and cognitive function of children were often conflicting. In 
this Chapter, I set out to conduct a systematic review of studies looking at the association between 
STH infections and cognitive function and examine critical design issues that hinder a thorough 
assessment and identification of an effect. 
The systematic review was thus conducted in two phases. First, I identified studies that 
fitted inclusion/exclusion criteria for the systematic review using a predefined protocol based on the 
Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) checklist. Second, 
I critically appraised the general study design and cognitive function measurement tools used in 
those studies within three age strata: children aged between zero and 24 months, children aged 
between 24 and 59 months, and those above 60 months. In this study I found significant variation in 
tested domains of cognitive development of children and lack of consistency in the use of 
measurement tools in identified studies (n=42). I also identified that the cognitive function 
measurements in children aged under 59 months has been limited to domains of gross motor, fine 
motor and language skills, whereas in children aged 60 months and above most studies tested 
domains such as memory and processing speed. 
The systematic review brings to the fore critical study design issues that hinder a thorough 
assessment. As a result, I proposed a framework (Box 4-1) that will assist the design of future 
studies into the influence of STH infections on cognitive dysfunction of children. This Chapter has 
been published in the journal Advances in Parasitology as a book chapter. 
4.2 Introduction 
According to recent reports from the World Health Organization (WHO), more than 2 billion 
people worldwide are estimated to be infected with at least one of the three main soil-transmitted 
helminths (STH) (Ascaris lumbricoides or roundworm, Trichuris trichiura or whipworm, and 
hookworm species including Ancylostoma duodenale, Ancylostoma ceylanicum, and Necator 
americanus) (16, 204). While there is significant spatial variation in STH endemicity, the majority 
of infections are observed in communities with poor access to water, sanitation and with inadequate 
hygiene practices in tropical and sub-tropical areas (52, 205-208). WHO recommends the periodic 
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administration of anthelminthic medicines such as albendazole or mebendazole to populations at 
risk of STH infections including pregnant women in the second and third trimesters, pre-school age 
children (aged 1 – 4 years), and school-age children (aged 5 and above) (12, 13, 57). The aim of 
chemotherapy based control programs is to reduce the individual risk of morbidity (204). 
The global burden attributable to STH infections is estimated at 4.98 million years lived 
with disability (YLDs), related to anaemia, chronic nutritional imbalances, cognitive impairment 
and stunting (11). There is strong evidence to support the role of STH infections in malnutrition. 
STH infections interfere with nutrient utilization at the lumen of intestinal mucosa, leading to 
morbidity effects including reduced physical growth, anaemia through blood loss, sequestration of 
red blood cells by the spleen, and Vitamin A and iron deficiencies (13, 16, 52, 93, 205, 209-213). 
While the effect of STH infections on cognitive function of children has also been reported, results 
from different studies have been inconsistent (74). This has sparked the debate in relation to the 
adequacy of the design of studies looking specifically at this group of STH morbidity effects. 
Cognitive dysfunction in the context of STH infections is likely to be a complex 
multifactorial outcome resulting from the interplay of multiple aetiologies. These include the 
decline in the function of immune cells associated with neurodegeneration (76-78), systematic 
intestinal inflammation leading to anaemia of inflammation, and microbiota dysbiosis and nutrient 
malabsorption leading to malnutrition (79-81). Emerging evidence has suggested a potential 
pathogenic mechanism via the so-called helminth-gut microbiota-brain axis, in which helminth-
induced alterations to the intestinal microbiota is proposed to impair cognitive function including 
memory/learning capabilities and social functioning (1, 98). 
Previous studies indicated that iron deficiency could impair the central nervous system 
processes that affect neurophysiological development, neurotransmitter function in cerebral centres 
such as the hippocampus, which is central to recognition and memory processing, metabolism and 
myelination. These changes can lead to cognitive and motor developmental delay (82-86). 
Despite an association between STH infections and impaired cognitive development in 
children being first suspected over a century ago, relatively few studies have investigated this link 
(40, 73, 213-220). Recently, the effects of STH infections on cognitive function of children have 
been under increased scrutiny (40, 213-215, 219-224). 
The most recent Cochrane Review included 11 Randomised Controlled Trials (RCT) 
measuring intellectual development using formal tests and school performance using school exams 
(213), and only one study reported an effect of STH infections on 3 out of 10 cognitive function 
outcomes measured (105). 
The Cochrane review indicated that two large cluster-RCTs, which measured school 
performance, did not find an effect of deworming on cognitive function (70, 173). The Cochrane 
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review concluded that routine, repeated deworming programs at a large scale have little or no 
benefit on average cognitive test performance and school performance. However, the absence of 
observed benefit to children post-treatment does not necessarily mean that STH infections did not 
impair their cognitive function, as curative treatment does not unequivocally lead to full recovery 
(66), particularly during the relatively short timeframe of most studies. 
In contrast to the findings of the Cochrane review, a number of observational studies have 
yielded evidence contradicting this position, reporting that STH infections were associated with 
impaired cognitive development in children (155, 160, 166, 171, 178, 181, 184, 186). Some of these 
observational studies were not captured in the Cochrane review (213). 
There is no simple measurement that can accurately account for the complexity that 
underlies childhood cognitive development, along with associated individual and cultural 
differences (225-229). Nonetheless, while acknowledging measurement difficulties, consistent 
estimates of health outcomes can enhance understanding of the true impact of STH infections and 
thereby contribute to substantiating future investment to improve these preventable diseases (204, 
211, 230). There are numerous measurement tools available to assess different domains of cognitive 
function at different stages of childhood (226-229, 231-238). 
A developmental period of childhood is characterised by features such as dependence on 
older people for care and feeding, and advances in cognitive function (239, 240). Previous studies 
have shown that given infants are highly dependent on their primary caregiver for nutrition and 
care, they are oriented toward social stimuli, perceptual experiences and actions of others (239-
241). 
Though there is variation in the rate of development of cognitive function due to individual 
differences such as sex, culture, quality of home stimulation, and developmental patterns of the 
brain, domains of cognitive function such as motor, social-emotional, language, perceptual 
experiences, executive functions, attention, planning, problem solving, decision making, inhibition 
and working memory are hypothesised to develop over infancy and childhood (226, 229, 239, 241, 
242). The assessment of motor function during the first two to three years of life includes 
measurements of several aspects of motor behaviour including gross motor, fine motor skills, motor 
organization and coordination (226). Different aspects of cognition, such as embedded figures, 
memory for numbers and sentences and verbal inferences are assessed during the pre-school age, 
and more complex intellectual abilities such as reading, knowledge, and arithmetic test are assessed 
during school age (226). 
There has been a great deal of discussion concerning the measurability, and diagnostic 
reliability of childhood development testing (225-229, 231-233, 235, 236, 243). Experts on 
childhood assessment argue that overgeneralization of results may occur when interpreting 
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measures without caution and emphasise that some tests of cognitive abilities are weighted heavily 
on particular scales, therefore not all components of a particular domain are assessed (226-229). 
An example of testing the validity of measurements is provided by Leffard et al (228), who 
evaluated the substantive validity of working memory scales in cognitive functioning and indicated 
that not all but some scales have the potential for being comprehensive measures. Most of the 
morbidity associated with STH infections occur in children in developing countries. Despite this, 
the majority of available cognitive development measurement tools originate from Western 
societies and have been designed to meet the social-cultural and language attributes of these 
populations (225, 229). This is an issue for researchers who are utilising currently available 
measurement tools of cognitive development, and attempting to interpret the scales to gain a 
thorough understanding of childhood cognitive developmental delay in the context of STH 
infections. 
In this Chapter, I aimed to identify the domains of cognitive function investigated in 
currently available studies of children and critically appraise the general design protocol of the 
studies, with a focus on the cognitive function measurement tools used. 
4.3 Systematic review of evidence 
4.3.1 Study design and data collection 
My study was conducted in two phases. First, I conducted a systematic review of studies looking 
into the association between STH infections and different domains of cognitive function of children 
using a predefined protocol based on the Preferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) checklist (244). Second, I critically appraised the general study design 
and cognitive function measurement tools used in those studies in three age strata: children aged 
between zero and 24 months, children aged between 24 and 59 months, and those above 60 months. 
Relevant databases including PubMed, CINAHL, EMBASE, Medline via Web of Science, 
Cochrane, ScienceDirect, Psych Articles and PsychINFO via APA PsychNET, and Scopus, The 
University of Queensland library electronic database were searched using the following key search 
terms, which were defined by the PICO method (Table 4-1). The studies selected from these 
sources were also used as an additional data source via the references contained within them. 
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Table 4-1 The PICO method to define key search terms 
PICO Description 
Population Children, childhood, children under five, U5Y, school-aged children, school children, infant 
Intervention  
Soil-transmitted helminth, helminths, helminthiasis, STH infections, STH infection, 
Ascaris lumbricoides, roundworm, Trichuris trichiura, whipworm, hookworm, 
Ancylostoma duodenale, Necator americanus  
Comparison No STH infections  
Outcome  
Cognitive developmental domains – e.g. gross motor function, fine motor function, 
social functioning, social interaction, IQ, memory, learning, language, functional 
literacy. 
 
4.3.2 Key search terms 
The University of Queensland Gatton Librarian and a developmental psychologist (MN) were 
consulted for assistance with selection of key search terms. 
I used the following key search terms: ["Child" OR "Child, Preschool" OR "Infant" OR 
"Newborn" OR "Adolescent" OR "Toddler" OR "Child under five" OR "School age" OR "School 
children" OR "Students" OR "Schools"] AND ["Soil transmitted helminth" OR "Helminths" OR 
"Hookworm" OR "STH infections" OR "Necator americanus" OR "Trichuris trichiura" OR 
"Whipworm" OR "Roundworm" OR "Ascaris lumbricoides"] AND ["Educational Measurement" 
OR "Educational Status" OR "Psychology, Educational" OR "Underachievement" OR 
"Achievement" OR "Intelligence Tests" OR "Intelligence" OR "Learning" OR "Learning Disorders" 
OR "Intellectual Disability" OR "Memory Disorders" OR "Mild Cognitive Impairment" OR 
"Neurobehavioral Manifestations" OR "Social Behavior” OR “Social Behaviour" OR "Literacy" 
OR "Communication Disorders" OR "Language" OR "Emotional Intelligence" OR "Motor Skills" 
OR "Psychomotor Performance" OR "Psychomotor" OR "School test" OR "School outcome" OR 
"Social interaction" OR "Gross motor skills" OR "Social functioning" OR "Grade scores" OR 
"School performance" OR "School assessment" OR "Examination failure" OR "Cognitive 
development” OR “Developmental disorders” OR “Developmental Delays"]. Please note that 
Medical Subject Heading (MeSH) terms were used in PubMed and Medline. The search was 
conducted on 18th March 2016. 
4.3.3 Review protocol and search strategy 
The reference list of all identified manuscripts were retrieved and reviewed. Manuscripts published 
in English, French, Spanish, Portuguese and Japanese were included (other foreign language 
publications were also included where an English abstract was available). 
Eligibility criteria included: 1) all types of studies including observational, experimental and 
descriptive, 2) all study settings and countries, 3) published in English, French, Spanish, 
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Portuguese, and Japanese languages, 4) children aged under 59 months and school-aged children 
(5 to 19 years old, but not limited to this age because the exact ages of school enrolment vary 
between different countries), 5) all years of publication, 6) include data on prevalence and/or 
intensities of at least one species of STH infections, 6) describes domains of cognitive development, 
7) describes types of tests used to measure cognitive development, and 8) all published and 
unpublished grey literature and reports if any. All references were imported into an EndNote x7 
(Thomson Reuters) library and were screened for duplicates based on matching title, author, year, 
and reference type. 
Abstracts of identified studies were reviewed by the primary author (KO) and another author 
(CL) before reviewing full manuscripts. Abstracts were retained if they referred to STH infections 
with a link to cognitive development of children. A full manuscript was retrieved and screened by 
the primary author to eliminate articles that did not fulfil the inclusion criteria. It was decided, at 
this stage in the review process, that only observational and experimental studies would be included 
in this review in order to extract information on cognitive test results and measurements used in 
each study for comparison. Grey literature were searched but excluded due to not meeting inclusion 
criteria. However, additional studies were identified using the references listed in grey literature. 
Meta-analysis was not conducted due to significant heterogeneity of the effect size (ES), study 
designs and reported outcomes in studies. Therefore, this review focused on describing and 
critically appraising the studies’ design, findings, measurement tests used and diagnostic 
applicability. 
A standardised Excel data sheet was developed to record the following information for each 
identified reference: STH species (Ascaris lumbricoides, Trichuris trichiura or hookworms), study 
population size, age groups targeted, study design, observation period, study settings, cognitive 
function/domain or outcome measured, type of cognitive function measurement tools, statistical 
modelling approach, confounding factors considered and ES when available. In addition to the 
above criteria, heterogeneity in data quality and potential risk of reporting biases were examined by 
exploring the following information: a) involvement of developmental neuropsychologists or 
childhood development experts for validation of test results or rationale for choice of cognitive 
tests; and b) cognitive function tests were modified or designed to meet the social-cultural, and 
language attributes of the study population. 
4.4 Results 
4.4.1 Literature search 
The literature search retrieved a total of 2,860 references. After eliminating duplicates, a total of 
2,600 papers remained. After the first screening a total of 52 papers met the inclusion criteria. Of 
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the 52 remaining papers, ten were removed because the full manuscript did not address the research 
questions of this review. The search strategy of the review is shown in Figure 4-1. A total of 42 
papers fulfilled the criteria of the systematic review (Table 4-2). 
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Figure 4-1 Flowchart showing numbers of reports at each stage of the screening process (PRISMA flow-chart) 
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References of 
papers 
identified
(675) 
ScienceDirect
(1483)
Scopus
1260 of duplicates removed out of 2,860 identified studies
2,600 of records screened 
2,549 of records excluded based on the title and 
abstract due to the following reasons: 
Articles were about 1) Other diseases or species; 
2) Helminth control interventions; 3) Risk factors 
for STH infections; 4) Genetic and disease 
susceptibility; 5) Mathematical modelling; 6) 
Anaemia and Malnutrition; 7) Anthelminthics
drug efficacy; and 8) Review articles 
52 of full-text articles assessed for eligibility  
42 of studies included in qualitative synthesis
0 of studies included in quantitative synthesis (meta-analysis) 
10 of full-text articles excluded because articles 
did not meet inclusion criteria. 
(23)
Cochrane 
Library
Due to heterogeneity of the effect size reported 
in these selected 42 studies.
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Table 4-2 Characteristics of studies included in systematic review 
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(99) 0 – 24 m Cohort study 
April 2011 to 
November 
2012 
ATH 635 Benin No Yes 
The Mullen Scales of Early Learning; Raven's 
Coloured Standard Progressive Matrices Test; Early 
Learning Composite score 
(150) 0 – 24 m RCT 2003 to 2005 ATH 983 Uganda Yes Yes 
The A-not-B task; Delay inhibition task; Kilifi 
Developmental Inventory 
(151) 0 – 24 m 
Cross 
sectional Not clear AT 372 Nicaragua No No The Denver II Screening Test 
(152) 25 – 59 m RCT 
January 1995 
to 1997 A 1,061 India Yes No The revised Denver pre-screening questionnaire 
(151) 25 – 59 m 
Cross 
sectional Not clear AT 250 Nicaragua No No The Denver II Screening Test 
(96) 25 – 59 m RCT 
August 1996 
to August 
1997 
ATH 614 Zanzibar Yes Yes Griffith and McCarthy scales of motor and mental development 
(153) 7 – 12 y RCT 
August 2006 
to January 
2007 
ATH 241 Malaysia Yes No Test of Nonverbal Intelligence, 3rd edition; Scholastic test 
(154) 6 – 10 y Cross sectional 2006 ATH 3,373 
The 
Philippines Yes No The National Achievement Test  
(155) 
Primary 
School 
Grade 3 
Cohort 
October 2007 
to November 
2009 
ATH 3,790 The Philippines Yes No The National Achievement Test 
 
Table continues onto the next page. 
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(156) 9 – 15 y RCT 1997 to 1998 H 600 Tanzania Yes Yes 
Digit span (forward and backward); Corsi block 
(visual-spatial analogue of the digit span forward 
test); The Stroop test; The Grooved pegboard tasks; 
Verbal fluency test; Scholastic test 
(157) 
Primary 
School 
Grade 1 
RCT 4weeks AH 47 
Democratic 
Republic of 
Congo 
Yes No The Mental Processing portions of the Kaufman Assessment Battery for Children 
(158) 6 – 10 y RCT 1989 to 1993 T 35 Jamaica Yes Not clear 
The Stanford-Binet Intelligence Scale; the Wechsler 
Intelligence Scale for Children; Wide Range 
Achievement Test; Verbal fluency; digit span 
forwards; French vocabulary learning; Corsi block; 
Raven's Coloured Standard Progressive Matrices 
Test; verbal analogies; Peabody picture vocabulary 
test; Grooved Pegboard Test 
(159) 9.5 y RCT 
September 
2009 to April 
2010 
ATH 1,190 Sri Lanka Yes No The code transmission test; TEA-Ch battery; A national standard education test 
(160) 7 – 19 y Cohort study 
Follow up at 
6, 12 and 18 
months 
ATH 253 The Philippines Yes Yes 
Wide Range Assessment of Memory and Learning; 
Verbal fluency; Philippine nonverbal intelligence 
test 
(161) 7 – 18 y Cross sectional 
Date 
unknown ATH 319 
The 
Philippines Yes Yes 
The Wide Range Assessment of Memory and 
Learning; Verbal fluency; Philippines Non-Verbal 
Intelligence Test 
(162) 
Primary 
School 
Grade 5 
RCT 
September to 
March (year 
not clear) 
T 144 Jamaica No No Scholastic test; Corsi block; Fluency, Picture search; Silly sentences 
 
Table continues onto the next page. 
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(163) 11 – 13 y RCT 
May 1997 
and 
December 
1998 
H 358 Tanzania Yes Yes 
Syllogisms; Sorting task; Twenty questions; Digit 
spans (forward and backward); Corsi Block Test; 
Spanish Word-Learning task; Stroop-like Task; 
Categorical Word Fluency Task; Pegboard Task; 
Silly Sentences; Choice Reaction time; Academic 
tests  
(164) 
Primary 
School 
Grades 
3 – 7 
RCT 3 years ATH 4,000 Zambia Yes Yes The Zambian Cognitive Assessment Instrument 
(165) 6 – 8 y RCT Not clear AT 336 Indonesia No Not clear Raven's Coloured Standard Progressive Matrices Test; Wechsler Intelligence Scale for Children IV 
(94) 5 – 14 y Longitudinal Follow up at 5 months ATH 257 
Côte 
d’Ivoire. No No 
Tests of Everyday Attention for Children; Eurofit 
physical fitness test; Wechsler Intelligence Scale 
for Children IV 
(166) 9 – 13 y Cross sectional 
September 
1994 to June 
1995 
AT 800 Jamaica No No Wide Range Achievement Test 
(167) 6 – 11 y Longitudinal 2006 AH 210 Brazil Not clear Yes Wechsler Intelligence Scale for Children III; Wechsler Intelligence Scale for Children IV 
(168) 8 – 10 y RCT 4 weeks in 1995 ATH 579 South Africa Yes Yes 
Raven's Coloured Standard Progressive Matrices 
Test; Rey Auditory Verbal Learning test; Symbol 
Digit Modalities Test; Scholastic test 
(169) 9 – 14 y Cross sectional 
May to 
August 1997 H 389 Tanzania Yes No 
Corsi block; Grooved pegboard task; Scholastic 
tests; Stroop test; Wechsler Intelligence Scale for 
Children IV 
 
Table continues onto the next page. 
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(104) 5 – 13 y RCT Not clear ATH 307 Durban No No Digit cancellation test; Scholastic test; Sustained attention task; Wisconsin Card Sort Test 
(170) 9 – 13 y Cohort March 1992 to 1994 AT 194 Ecuador No No 
Stroop test; Trail making test; Wechsler Memory 
Scale - Mental Control; Wisconsin card sort test  
(171) 9 – 11 y Cross sectional May of 2013 ATH 2,179 
People's 
Republic of 
China 
Yes No Scholastic tests; Wechsler Intelligence Scale for Children IV 
(172) 6 – 10 RCT 8 months long H 87 Brazil No Yes 
Draw-a-Person Test 3rd edition; Raven's Coloured 
Standard Progressive Matrices Test; Wechsler 
Intelligence Scale for Children III 
(173) Under 13 y RCT 
January 1998 
to 2001 ATH 2,328 Kenya Not clear No 
Syllogisms; Wechsler Intelligence Scale for 
Children IV; 
Picture search; Scholastic test 
(174) 5 y RCT Follow up at age 5 years ATH 1,622 Uganda Yes Yes 
Tap once tap twice test; Tower of London; 
Wechsler Intelligence Scale for Children IV; 
Wisconsin Card sorting task; Balancing one leg; 
Coin box task; Picture task; Shapes task  
(175) 6 – 8 y RCT 4 months ATH 510 Vietnam Yes Yes 
Wechsler Intelligence Scale for Children III; 
Raven's Coloured Standard Progressive Matrices 
Test 
(105) 9 – 12 y RCT 9 weeks ATH 159 Jamaica No No Clinical Evaluation of Language functions 
(176) 5 – 16 y RCT 1993 ATH 181 China No Not clear Picture search; Corsi block; Wechsler Intelligence Scale for Children IV 
 
Table continues onto the next page. 
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(177) 8 – 13 y Cross sectional 
October to 
December 
1995 
H 432 Indonesia Yes No 
Corsi block; Grooved pegboard task; Number 
choice; Picture search; Stroop test; Wechsler 
Intelligence Scale for Children III; Wechsler 
Intelligence Scale for Children IV 
(178) 7 – 11 y Cross sectional Not clear AT 616 Jamaica Yes No Wide Range Achievement Test 
(179) 7 – 19 y RCT 6 months T 289 Jamaica No No Number choice; Visual search 1 and 2; Wide Range Achievement Test; Scholastic tests 
(180) 6 – 12 y  RCT 14 weeks T 407 Jamaica No No 
Fluency; Picture search; Free call; Corsi block; 
Digit span forwards; Wechsler Intelligence Scale 
for Children 
(181) 8 – 14 y Cross sectional Not clear T 30 Colombia Yes Yes 
Sequencing of procedures; Picture clustering; 
Routine completion task; Evidence co-variation 
task 
(182) 9 – 10 y RCT 16 weeks ATH 808 The Philippines No No Primary Mental Abilities Test for Filipino Children 
(183) 
Primary 
School 
Grades 
4 – 5 
RCT 10 weeks T 196 Jamaica No Yes Visual search 1 and 2; Wechsler Intelligence Scale for Children IV; Grooved pegboard task 
(184) 6 – 14 y Cross sectional Not clear H 340 Australia Yes No 
Porteus maze; Stanford-Binet Intelligence Scale - 
5th Edition 
(185) 7 – 12 y RCT 
Feb 1993. 
Follow up at 
6 months 
AT 246 Guatemala Yes No 
Sternberg test of working memory; Inter-American 
vocabulary and reading test; Peabody Development 
Motor Scales 
(186) 12 – 14 y 
Cross 
sectional 
May to June 
2009 ATH 252 China Yes No Scholastic tests 
a m = months, y = years; b RCT = Randomised Control Trial; c A = A. lumbricoides, T = T. trichiura, H = Hookworm
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The results of the systematic review are presented in Table 4-2. The list includes 10 RCT 
studies that were also included in the most recent Cochrane Review (2015) (96, 104, 105, 152, 173-
175, 180, 182, 185). The Cochrane review also included an unpublished study (Hall et al, 2006) for 
which I could not retrieve data. Of the 42 studies, three included children aged at zero to 24 months, 
(99, 150, 151) three included children aged 25 to 59 months (96, 151, 152) and 37 studies assessed 
children aged ≥60 months (Table 4-2). Limitations of this systematic review included its restriction 
to certain language papers. Three foreign-language papers were excluded where a translated full-
text article was not available. 
A total of 16 domains of cognitive function were examined, which corresponds to 12 lower-
level processes of cognitive function including gross motor, fine motor, motor organisation and 
coordination, language and verbal abilities, social-emotional function, recognition, executive 
function skills (such as, attention, concentration, and cognitive inhibition-control), visual reception, 
processing speed, and memory and four higher-level process of cognitive function including 
reasoning, intelligence quotient (IQ), scholastic performance (content knowledge) and non-
scholastic performance such as learning abilities, problem solving and comprehension. I evaluated 
the level of variability between studies with respect to domains tested and cognitive function tools 
by three separate age groups (Table 4-3): children from zero to 24 months, 25 to 59 months, and 
≥60 months. In this section, the term “hookworm” is used to describe three hookworm nematode 
species including Ancylostoma duodenale, Ancylostoma ceylanicum, and Necator americanus). The 
majority of studies did not distinguish between the three species. 
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Table 4-3 Tested domains of cognitive function in three age strata, by STH species included in each study 
Reference s STH b 
Domains of Cognitive Function c,d 
A B C D E F G H I J K L M N O P 
Children aged from zero to 24 months 
(99) ATH ✓ ✓ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ 
(150) ATH ✓ ✓ ✗ ✓ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ 
(151) AT ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ 
Children aged from 25 to 59 months 
(152) A ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ 
(151) AT ✓ ✓ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ 
(96) ATH ✓ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ 
Children aged 60 months and above 
(153) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✗ 
(158) T ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✓ 
(154) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ 
(155) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ 
(156) H ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✓ 
(157) AH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ 
(159) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ 
(160) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✓ 
(161) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✓ 
(162) T ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ 
(163) H ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ 
(164) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
 
Table continues onto the next page. 
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Reference s STH b 
Domains of Cognitive Function c,d 
A B C D E F G H I J K L M N O P 
Children aged 60 months and above 
(165) AT ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ 
(94) ATH ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ 
(166) AT ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
(167) AH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ 
(168) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ 
(169) H ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ 
(104) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ 
(170) AT ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✓ ✗ ✓ ✓ ✗ ✓ ✗ ✗ ✗ 
(171) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ 
(172) H ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ 
(173) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✓ 
(174) ATH ✓ ✓ ✓ ✓ ✗ ✗ ✓ ✓ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ 
(175) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ ✓ ✗ ✓ ✗ 
(105) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ 
(176) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ 
(177) H ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✓ ✓ ✗ ✗ ✗ 
(178) AT ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
(179) T ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
(180) T ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗ ✗ ✓ 
(181) T ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
(182) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ 
(183) T ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✓ ✓ ✗ ✗ ✗ 
 
Table continues onto the next page.  
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Reference s STH b 
Domains of Cognitive Function c,d 
A B C D E F G H I J K L M N O P 
Children aged 60 months and above 
(184) H ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ 
(185) AT ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ 
(186) ATH ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓ ✗ 
a References sorted by author’s name; b A = A. lumbricoides, T = T. trichiura, H = Hookworm; c A = Gross motor function, B = Fine motor function, C = Motor 
organization and coordination, D = Language and verbal abilities, E = Social-emotional, F = Recognition, G = Executive function, H = Attention, I = Visual 
reception, J = Processing speed, K = Inhibition-control, L = Reasoning, M = Memory, N = Intelligence quotient, O = Scholastic performance (school performance), 
P = Non-scholastic (learning abilities and comprehension); d Inclusion of domain in analysis: ✓ (yellow) = included, ✗ (grey) = not included
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4.4.2 Studies including children aged from zero to 24 months 
A total of three studies evaluated the role of STH infections in motor and cognitive measures at 12, 
15 and 24 months respectively. All three studies tested language function, while two studies tested 
motor function (gross and fine) (Table 4-3). Recognition skills were tested by two studies (150, 
151). Two of the studies reported the involvement of developmental neuropsychologists or 
childhood development experts for validation of test results or rationale for choice of cognitive tests 
(99, 150). 
Low scores on gross and fine motor, visual reception, and language functions of the infants 
whose mothers had STH infections during pregnancy were captured in Mullen Scales of Early 
Learning (MSEL), language tests on the Denver II screening test, and the Early Learning Composite 
(ELC) score (99, 150, 151). The results of the tests were not significant when the 35 items from the 
Kilifi Developmental Inventory (KDI) and when the parental interview on infants’ pre-speech 
abilities (e.g. vowels and gestures) were used. However, there were drawbacks associated with the 
use of Denver II screening test and the ELC scores as combined scores and no development scales 
were reported on individual domains. For example, ELC scores were calculated by combining T-
scores of the visual reception, fine motor, receptive language and expressive language scales 
[typically a T-score has a mean of 50 and a standard deviation of 10 (245)]. Therefore, the ES of 
each domain measured were not available for comparison (99, 151). Impaired recognition and 
inhibition control functions were not captured in all tests used in the included studies: the A-not-B 
task, the parental reports, and the delay inhibition task (150). 
4.4.3 Studies including children from 25 to 59 months 
A total of three studies examined the role of STH infections in motor and cognitive measures in 
children aged <59 months old (Table 4-3), with sample sizes ranging from 250 (151) to 1,061 (152) 
children. Low scores on gross motor and language functions were captured on the Denver II 
screening test (151). However, individual results for the gross motor function scale were not 
reported for the Denver II Screening test and only a combined score (language, gross motor, fine 
motor, and social scales) was provided. 
The Revision of Denver Pre-screening Developmental Questionnaire (R-PDQ) (152) and the 
parental reports using locally adapted scales taken from the Griffiths and McCarthy scales of motor 
and mental development (96) showed the same pattern of results, but the magnitude of the 
difference between the infected and uninfected children did not reach statistical significance. Fine 
motor and social functions were also found to be associated with low scores of the Denver II 
screening tests, however the Denver II screening test scales were reported on the combined scores 
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of gross motor, fine motor and social scales, thus the ES of each domain were not available for 
comparison. 
4.4.4 Studies including school-aged children (Aged 60 months and above) 
A total of 37 studies tested the role of STH infections in motor and cognitive measures in children 
aged ≥60 months, with sample size ranging from 30 (181) to 4,000 children (164). Twenty-four 
studies tested multiple domains, with one study testing nine domains (174), ten studies testing four 
to five domains (104, 156, 158, 161, 163, 168-170, 175, 177, 183), and 13 studies testing two to 
three domains (94, 153, 159-162, 165, 167, 171-173, 180, 185). Another 13 studies looked at only 
one domain (Table 4-3) (105, 154, 155, 157, 164, 166, 176, 178, 180-182, 184, 186). 
Domains of cognitive function in children that were tested included memory (n=24 studies), 
non-scholastic performance (n=20), processing speed (n=13), attention (n=12), scholastic 
performance (n=11) and motor organization and coordination (n=8), language and verbal abilities 
(n=4), intelligence quotient (n=4), reasoning (n=3), executive functions (n=2), inhibition-control 
(n=2), gross motor (n=1), and fine motor (n=1). None of the 37 studies tested social-emotional, 
recognition or visual reception functions. A variety of cognitive function measurement tools were 
identified to assess different domains of cognitive function even within the same domain (Table 
4-2). Raven's Coloured Standard Progressive Matrices test (RCSPM), Wechsler Intelligence Scale 
for Children III (WISC-III), and Wechsler Intelligence Scale for Children IV (WISC-IV) were the 
most frequently used cognitive function measurement tools employed (Table 4-4). 
Table 4-4 Top five cognitive function measurement tools used across all studies evaluated 
Cognitive function measurement tool References (in frequency order) 
Wechsler Intelligence Scale for Children III and 
Wechsler Intelligence Scale for Children IV 
(94, 156, 158, 159, 162, 163, 165, 167, 
169-177, 183) 
Raven's Coloured Standard Progressive Matrices Test (158, 165, 167, 168, 172, 173, 175) 
Grooved pegboard task (156, 158, 169, 177, 183) 
Stroop tests (Stroop colour word, Stroop inference and 
Stroop incompatible/compatible) (156, 169, 170, 177) 
Wide Range Achievement Test and Wisconsin Card Sort Test (104, 163, 170, 174) 
 
Overall, a similar pattern of results was observed across tested domains of cognitive 
function, with many of the measurement tools showing contradictory and non-significant results 
(94, 104, 105, 156, 158, 161, 162, 168, 170, 172, 173, 175, 180). Scores on cognitive function 
related to high-level processes such as problem solving and comprehension were significantly lower 
in children with STH infections. 
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Similarly, significant associations between children with STH infections and cognitive 
functioning was captured and the results were much more consistent when non-scholastic 
performance tasks were used, such as reading, spelling and arithmetic subtests of the Wide Range 
Achievement Test (WRAT), the Wide Range Assessment of Memory and Learning (WRAML), 
Raven Coloured Progressive Matrices (RCPM), three dynamic tests (Syllogism, sorting task and 
twenty questions), and eight subtests of the Zambian Cognitive Assessment Instrument (Z-CAI) 
(158, 160, 163, 166, 167, 172, 179, 181, 185). These tests capture learning ability rather than 
outcomes of learning which are usually tested by scholastic performance such as school exams. In 
contrast to the findings for hookworm, none of the 12 studies identified an association between 
impaired attention and Ascaris lumbricoides or Trichuris trichiura infections, despite the use of 
different measurement tools (94, 156, 159, 167, 168, 170, 172, 175). 
4.5 Measuring the effect of STH infections on different domains of cognitive 
function of children 
My study represents the most comprehensive and up-to-date systematic review of evidence for the 
effect of STH infections on cognitive function domains of children of different age groups, focusing 
on study design issues, cognitive function tests used and results of these tests for different STH 
species. My systematic review identified 42 peer-reviewed primary research manuscripts, including 
10 studies that were considered in the most recent Cochrane review investigating the efficacy of 
anthelminthic drugs on cognitive development performance in children. Using available RCTs the 
Cochrane review suggests that routine, repeated deworming had little or no benefit on average 
cognitive test performance. This is at odds with findings of several observational and cohort studies 
identified in my review that reported evidence supporting the association between STH infections 
and cognitive development in children (99, 151, 155, 160, 161, 166, 167, 170, 171, 177, 186). 
This highlights two separate needs: firstly, to examine the methods employed by different 
studies to measure cognitive function in children of different age groups, and second the level to 
which cognitive function was adequately measured in terms of domains under investigation and 
study designs employed. 
4.5.1 Main findings from studies including children aged under 60 months 
My results demonstrate that despite most developmental stages occurring from birth to pre-school, 
only a limited number of studies looked at the effect of STH infections on developmental 
milestones in this age group. 
There are two major reasons why it is important to look into this age group. First, there is 
growing evidence that STH infections are associated with impaired cognitive functioning of 
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children in this age group (99, 151). Second, this age range is argued to be one of the most critical 
stages in human cognitive development (239, 241, 246). Cognitive developmental measures in 
children aged less than 60 months has been mainly focused on gross and fine motor skills and 
language (96, 99, 150-152). Studies looking into other important cognitive domains such as social-
emotional, visual reception, recognition and executive function are still lacking. These areas are 
critical to child development and to ignore the potential impact of STH infections on them is to 
potentially miss identifying where core problems might emerge (247). 
The two studies (96, 152) included in the Cochrane review examined only one or two 
domains (gross motor function, fine motor function or language attributes), and may be not be 
sufficient for making conclusions about the effect of STH infections on cognitive function. 
Furthermore, evaluation of cognitive domains has not been done using a standardised approach that 
considers developmental stages, using the same tests and same analytical approach. The lack of 
harmonised tools used limited my ability to conduct comparative assessment of study findings. 
Furthermore, some studies reported results based on combining scores (99, 151) which may 
compromise the diagnostic utility of the tests. For instance, a low score of the Early Learning 
Composite (ELC) score or the Denver II Screening test score could mean a delayed development of 
either visual reception, social scales, gross motor, fine motor, receptive language or expressive 
language. These test scores are calculated by combining T-scores of each domain masking subtle 
effects of STH infections and confound the interpretation of results. 
4.5.2 Main findings from studies including children aged 60 months and above 
Results of studies looking into the effect of STH infections on cognitive development of children 
aged ≥60 months have been inconsistent, primarily because study designs and protocols used in the 
measurement of cognitive function were highly variable, and studies were typically underpowered 
to detect subtle effects. Of 37 studies, 15 studies have been primarily designed to detect the effect of 
STH infections on cognition (153, 154, 160, 161, 166, 167, 169-171, 177, 178, 181, 184-186), and 
22 were primarily designed to detect the effect of treatment on levels of STH infections (94, 104, 
105, 155-159, 162-165, 168, 172-176, 179, 180, 182, 183). 
The majority of RCT studies included in the Cochrane review for the school-aged children 
explored only two or three domains, with the exception of one study that explored nine domains – 
this study however did not report the intensity of STH infections, which may limit their ability to 
detect a role of STH infections in cognitive function of children (174). Eight of the studies in this 
current review were not included in the Cochrane review and these examined four or five domains, 
with four of them reporting associations between STH infections and lower score on at least one of 
the cognitive function tests (158, 163, 170, 177). These studies indicated that children with STH 
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infections showed deficits in lower-level processing cognitive tasks such as processing speed, 
attention and motor organization and coordination. The studies in the Cochrane review focused 
mainly on higher level and more complex cognitive function tasks such as scholastic performance, 
and a very limited number examined lower-level cognitive function skills. Given not all domains of 
cognitive function were tested, it was possible that observed effects of STH infections on cognitive 
function may be weighted heavily on particular domains, resulting in a lack in diagnostic 
sensitivity. 
A majority of studies incorporated different scales and proposed different measurement 
tools for examining the effect of STH infections on cognitive development, which limited my 
ability to make comparisons. It is interesting to note that the pattern of data on the association 
between STH infections and particular domains is significantly heterogeneous and often conflicting 
despite some studies using the same measurement tools (94, 156, 158, 159, 162, 163, 165, 167, 169-
177, 183). This would suggest that some tools and measurements are insensitive due to different 
factors such as heterogeneous meaning of cognitive function or cognitive development in different 
cultures, or in study settings where the diagnostic utility of the tests may be limited. This suggests 
that findings in each study need to be interpreted with caution, and the validity and the reliability of 
their choice of measurement tools need to be clearly explained by the investigator(s) for comparing 
the effect of STH infections on cognitive function across studies. 
Early studies have emphasised the importance of incorporating culture-specific input from 
childhood development experts or neuropsychologist when designing or choosing the cognitive test 
(158, 228). Despite this, less than half of the studies in this review reported the involvement of 
developmental neuropsychologists or childhood development experts for validation of test results or 
rationale for choice of cognitive tests. Incorporating culture-specific input from childhood 
development experts or neuropsychologists when designing or choosing cognitive tests may 
improve the diagnostic utility of cognitive measurements. 
More than half of the studies analysed here indicated that they modified tools that originated 
from Western populations rather than designed tools to meet the social-cultural and language 
attribute of their study populations. However, when tests are modified, the score of those tests are 
not easily compared to the results of other measurements because the scores of the tests are no 
longer standardised (158, 228), which may suggest further development of standardised cognitive 
function outcome measurements to improve their diagnostic utility of the scores of the tests in 
different study settings. 
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4.5.3 Improving the design of studies to assess the role of STH infections in children’s 
cognitive function 
The majority of studies looking at the effect of STH infections on children’s cognitive function 
were not primarily designed to investigate this relationship and therefore were largely 
underpowered. Of 42 studies, only 18 were primarily designed to detect the effect of STH on 
cognition (99, 150, 151, 153, 154, 160, 161, 166, 167, 169-171, 177, 178, 181, 184-186). 
The methodological approaches of randomised control studies varied in the following 
characteristics: duration of trials, rounds of deworming, whether studies looked at improvements 
following deworming, whether studies looked at untreated populations for studies investigating the 
health benefits of deworming (i.e. single or multiple dose), the setting of the study area, whether 
children are living in STH endemic areas or infected children were identified by screening tests, 
whether both control and intervention groups received additional interventions such as iron or 
nutrient treatment in addition to albendazole or mebendazole, and prevalence/intensity of STH 
infections among samples tested. These differences in methodological approaches are important 
because it is likely that the effects of STH infections are subtle and highly sensitive to the stage of 
development, level of infection and timing of infection. 
4.5.4 Study setting and baseline STH infection levels 
The majority of studies included in this review reported that their study population had low 
prevalence and low intensity of STH infections according to WHO classifications of the community 
level of infection rates. Only four studies reported the effect of coinfection with multiple STH 
species. Low prevalence of STH species and light intensity of infection make it less likely that 
analyses would detect the effects of STH infections on cognitive development. Including only 
heavily infected individuals who may experience the most detrimental effects of the STH infections 
may have resulted in a small sample size (105). Inconsistency in understanding the effect of 
coinfection with multiple species of STH infections and not analysing intensity of STH infections 
may limit investigators’ ability to detect possible effects of STH infections on domains of cognitive 
function at different stages of childhood. 
4.5.5 Controlling for confounding 
Some studies controlled extensively for socio-economic factors, maternal characteristics and home 
stimulation whereas others did so in only a limited way. Study designs were not adjusted for 
plausible confounding factors, which could mask the potential effect of STH infections on cognitive 
function. For example, one study excluded pregnant women presenting with severe anaemia (with 
haemoglobin concentration below 80 g/L) without ascertaining their STH infection status (150). 
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This decision may have contributed to the non-significant association between maternal hookworm 
infection and infant development found by this study [hookworm infection is a known risk factor 
for iron-deficiency anaemia (IDA) (63)]. 
In other studies, in addition to Ascaris lumbricoides and Trichuris trichiura and hookworm 
infections, children were infected with other parasite species such as protozoa which are likely to 
confound the relationship between STH infections and cognitive development (94, 104, 150, 170, 
181). In other studies, results on the test score were based on all parasitic infections combined, and 
therefore it was not possible to quantify the ES of specific species of STH infections on the 
cognitive test scores (94, 104, 170). 
4.5.6 The duration of the intervention and the length of follow-ups 
Insufficient follow-up periods could have masked the potential effect of STH infections on different 
cognitive domains. Furthermore, longitudinal or cohort studies would be more suitable than cross-
sectional studies, which do not provide information on the long-term impacts on cognitive 
developmental delays in children and the identification of windows in childhood development 
where the effect of STH infections on cognition may be affected and thus more pronounced. 
4.5.7 The choice of cognitive measurement tools is important 
No studies adopted the same measurement tools to document the developmental trajectory of a wide 
variety of cognitive function throughout childhood. The purpose of each measurement tool vary 
significantly, with some tests developed as screening tools to enable quick identification of motor 
skill impairment, whereas other tests such as the Peabody Development Motor Scales (PDMS) and 
Bruininks-Oseretsky Test of Motor Proficiency (BOT-2) have been designed as comprehensive 
assessment tools for monitoring response to program interventions (233). Studies have shown that 
tools such as the Wechsler Intelligence Scale for Children IV (WISC-IV) and Stanford-Binet 
Intelligence Scale 5th Edition (SBIS-IV) have been validated for use in children less than five years 
of age (228, 232, 236). The WISC-IV, SBIS-IV and BRIEF, Rivermead Behavioural Memory Test 
(RBMT-C) were the only measurement tools to have moderate cross-cultural validation data (228, 
232, 248). 
4.5.8 Investigation of early childhood infections 
While several studies have explored the effect of STH infections on cognitive development of 
children aged ≥60 months, little attention has been placed on the cognitive development of infants 
or children aged <59 months. The early onset of delayed cognitive development could influence 
different aspects of development of children at different stages of their childhood, yet the 
developmental difference due to the effect of STH infections in different age-groups, especially 
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children aged under 59 months, have not been fully explored or understood. Further studies are 
clearly needed and these should include womb to birth measurements including maternal infection 
status, tests adequate to tap into cognitive domains of early childhood and at different stages of 
development, and sufficiently powered to detect changes over time. 
Based on my findings I propose a framework for best practice when designing studies to 
assess the role of STH infections in childhood cognitive function. Research examining the effect of 
STH infections on cognitive development of children would benefit from a clear framework that 
facilitates the adequate measurement of the effect on different domains of cognitive function of 
children of different age groups. The key guiding principles of the framework for best practice 
when designing such studies are suggested in Box 4-1 below. 
4.6 Future remarks 
In conclusion, this study demonstrates the need for improved methodological approaches to assess 
the effect of STH infections on cognitive function domains of children of different age groups. 
Existing studies are simply too heterogeneous to accurately evaluate the impact of STH infections 
on cognitive function in children of different age groups in different endemic settings. Most studies 
assessed the impact of STH infections on cognitive function as a spin-off of assessing the impact of 
treatment on infection levels, resulting in studies that are largely underpowered to detect more 
subtle effects. The lack of evidence is particularly evident in children aged under 59 months, argued 
to be one the most critical stages in human cognitive function development (239, 241, 246). The 
effect of chronic infection on cognitive function needs to be addressed with study designs that use a 
standard set of sensitive neuropsychological tools that are able to detect subtle changes in all 
domains of cognitive function over time.
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Box 4-1 Framework for best practice when designing studies to assess the role of STH infections in 
childhood cognitive function
1. Studies should be adequately powered and utilise sensitive neuropsychological tools to 
detect subtle changes in all domains of cognitive function over time; 
2. Childhood development experts or neuropsychologists should be actively involved in 
designing culture-specific measurement tests, choosing the cognitive function tests and 
interpreting the scores of the tests; 
3. The effect of coinfection with multiple species of STH infections and intensity of STH 
infections on domains of cognitive function should be investigated; 
4. The effect of STH infections should be isolated by controlling for all known risk factors 
of cognitive function such as socio-economic factors, maternal characteristics, other 
infections or diseases, and home stimulation; 
5. Employ longitudinal or cohort study designs that provide information on the temporal 
sequence of cognitive developmental delays in children; 
6. In randomised control studies (RCT), consider the duration of the intervention, rounds of 
deworming (i.e. single or multiple dose) and the length of study follow-ups, which could 
mask the potential effect of STH infections on cognitive function; and 
7. Build additional evidence on the effect of STH infections on cognitive development of 
infants or children aged 60 months and above – adopt the same measurement tools to 
document the developmental trajectory of a wide variety of cognitive function 
throughout childhood. 
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Chapter 5 Determinants of spatial heterogeneity of functional 
illiteracy among school-aged children in the Philippines: 
an ecological study 
5.1 Context 
Processes involved in cognitive development of children are multifactorial and complex. The 
systematic review in Chapter 4 found that in contrast to the findings of the Cochrane review, (70), a 
number of observational studies report an association between STH infections and impaired 
cognitive development in children (155, 160, 166, 171, 178, 181, 184, 186). My review in 
Chapter 2 also demonstrated that critical design challenges for studies looking at the association 
between STH infection and cognitive impairment in children is control for confounding. This is 
particularly important given the multifactorial nature of this outcome and the significant 
geographical variation that may occur between and within communities. However, to date, the 
geographical variation in childhood cognitive impairment has not been previously investigated. 
In developing countries such as the Philippines, cognitive dysfunction at school-age such as 
functional illiteracy could be attributed to a complex interplay between malnutrition, in-utero 
exposures, maternal and fetal exposure to environmental neurotoxicants, low birth weight, genetic 
and metabolic diseases, deprivation of environmental and emotional stimulation, biological factors, 
infections such as pneumonia, meningitis, helminth infections and malaria (2, 3, 10, 24, 42, 99, 161, 
249-254). 
Evaluation of the subnational variation of geographical determinants of reduced functional 
literacy is critical for designing and implementing spatially targeted interventions, which could 
contribute to efficiently attaining the Sustainment Development Goal (SDG) target for literacy in 
the Philippines. 
In this Chapter, I investigated nationwide spatial variation in cognitive dysfunction of 
school-aged children measured by functional literacy in the Philippines. With that in mind, I 
conducted a set of spatial analyses using data on functional literacy indicators (functional literacy, 
low and moderate functional literacy, and functional illiteracy) of 11,313 school-aged children 
(aged 10 – 19 years) collected in 2008 during the nationwide Functional Literacy, Education and 
Mass Media Survey (FLEMMS). This involved generating maps with observed prevalence of these 
indicators in a geographical information system (ArcGIS). I quantified the role of socioeconomic 
status (SES), water supply, sanitation and hygiene (WASH), household education stimuli and 
environmental variables in the geographical disparity of functional literacy in the Philippines. This 
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involved developing a single frequentist fixed-effects multinomial regression model using these 
predictors as covariates in the models for functional literacy indicators. 
I demonstrated that functional literacy is heterogeneous in the Philippines and that the 
determinants of functional literacy are region-specific. Results of multinomial regression models 
indicated that in Luzon, prevalence of functional illiteracy was explained by variation in household 
education stimuli scores, sources of drinking water, and type of toilet facility. In Mindanao and the 
Visayas, prevalence of functional illiteracy was primarily explained by geographical variation in 
SES, and natural environmental conditions, some of which are known to be determinants of 
intestinal helminth infections. The results of this study were important to allow comparative 
analysis with the results of spatial helminth infection risk models using environmental indicators 
(Chapter 6) and spatial risk models of functional literacy (Chapter 7). This Chapter forms a 
manuscript published in the journal International Journal of Environmental Research and Public 
Health, and supporting technical information is presented in Appendix A. 
5.2 Background 
According to the latest United Nations Educational Scientific and Cultural Organization (UNESCO) 
report on global literacy, there are 114 million illiterate adolescents and youths (15 to 24 year olds) 
around the world, two-thirds of whom are female (255). Despite widespread acknowledgement of 
this problem, between 2000 and 2015, global literacy rates were estimated to have improved by just 
4%. Studies have shown that poverty has a considerable impact on psychological functioning and 
that, for children, this impact increases in severity the longer they live in poverty (256-258). 
Progress in the Philippines to address national literacy rates has been slow (259). The 
literacy rate of individuals aged 15 to 24 years improved from 93.4% in 2003 to 98.1% in 2013 
(189, 190). This improvement is likely to be due to increased school opportunities, education 
expansion, better access to barangay (small administrative divisions in the Philippines) health 
stations, improvement in general health status, decreased poverty rate, and reduced burden of 
diseases (260, 261). However, this may also partly be due to measurement errors, and differences in 
survey designs and tools used by the national statistics office in different years (262). Despite the 
overall improvement, there are areas in the Philippines where functional literacy remains low (192). 
There are numerous measurement tools available to assess different domains of cognitive 
function at different stages of childhood (228, 238). One indicator at the population level is 
functional literacy. Although the meaning of functional literacy varies between countries, regions, 
and cultures, it is generally understood to be the ability to use a set of cognitive skills to engage in 
reading, writing, and numeracy for effective functioning and development of individuals and their 
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communities. Conversely, functional illiteracy is therefore defined as the inability to use cognitive 
skills to engage in reading, writing, and numeracy (263). 
Previous studies have demonstrated a clear link between literacy and cognitive abilities 
(264, 265). Cognitive development of children is influenced by the interplay of several factors. 
Evidence from longitudinal studies in children indicates that neurocognitive development is 
impacted by nutritional status, poverty, stress, low maternal education attainment, less nurturing 
child-rearing environments, younger maternal age, living in a rural environment, and poor 
psychosocial stimulation at home and at school (8-10). Cognitive processes that result in functional 
illiteracy can be influenced not only by individual and household factors but also by environmental 
determinants. Cognitive impairments are multifactorial in nature and both non-communicable (e.g. 
malnutrition, gene, and biological factors) and communicable diseases (e.g. malaria and neglected 
tropical diseases) are known contributors (1). The exposure to many of these conditions is 
determined by anthropogenic environmental factors (i.e. human impacted habitat conditions) such 
as sanitation, urbanisation, and overcrowding (6), and natural environmental factors such as 
elevation, temperature, and water availability (7). Furthermore, maternal and fetal exposure to 
environmental neurotoxicants is associated with increased infant and childhood cognitive 
dysfunction (2-4). 
Functional literacy indicators are likely to vary between locations given the geographical 
variability of its major determinants. This property poses a challenge to decisions around efficient 
allocation of population services and resources to mitigate the impact of functional literacy in 
populations most in need. The application of spatial epidemiological approaches has been useful for 
identifying areas where the risk of diseases is at its highest and for highlighting areas where 
interventions are most needed. Spatial epidemiological approaches have been utilised to address 
such challenges globally (7, 43, 266). In the Philippines, there have been studies looking at 
infectious diseases such as soil-transmitted helminths (22, 267, 268), however, at present no study 
has attempted to investigate the spatial epidemiology of functional illiteracy and quantify the role of 
different determinants in functional illiteracy. Such a study would provide an evidence base for 
understanding local burden of functional illiteracy and assist in geographical targeting of 
interventions. 
In this study, I aimed to quantify geographical disparities in functional literacy in the 
Philippines and the role of socioeconomic status (SES), water supply, sanitation and hygiene 
(WASH), household education stimuli, and environmental variables in the observed geographical 
disparities. 
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5.3 Methods 
5.3.1 Study area 
The Philippines is situated in Southeast Asia in the western Pacific Ocean and consists of 7,107 
islands in three main geographical regions: Luzon, the Visayas, and Mindanao (189). The smallest 
administrative division is the barangay (average diameter of 11 km) of which there are a total of 
42,028 (189). At the last census (2015), the total population was 100.98 million, up from 92.34 
million in the previous census (2010), with ~30 million individuals aged 5 to 19 years (190). Ethical 
clearance for this analytical study was provided by the University of Queensland School of 
Medicine Low Risk Ethical Review Committee (clearance number 2014-SOMILRE-0100), and 
approved on 20 June 2014. 
5.3.2 Data for analysis 
5.3.2.1 The 2008 Functional Literacy, Education and Mass Media Survey (FLEMMS) 
The 2008 FLEMMS is the fourth in a series of functional literacy surveys conducted in the 
Philippines. The previous three rounds were conducted in 1989, 1994, and 2003. The 2008 
FLEMMS used the 2003 survey master sample (MS) created for household surveys on the basis of 
the 2000 Census Population and Housing (CPH) results (192). In brief, for each region, a three-
stage sampling scheme was used: the selection of primary sampling units (PSU) for the first stage, 
of sample enumeration areas (EA) for the second stage, and of sample housing units for the third 
stage. The FLEMMS sampling scheme is described in detail in Appendix A.1. The heads of 
households were administered with the household questionnaire, and all information was gathered 
by trained interviewers (a copy of the FLEMMS forms available for reference from corresponding 
author). All members 10 to 64 years old in the sampled households, regardless of educational 
attainment, were provided with a self-administered individual questionnaire (prepared in English 
and translated into 26 local languages commonly spoken in the selected sample areas) (192). The 
design of FLEMMS was verified and the survey was conducted by trained interviewers, with a 
household response rate of 95%. Furthermore, data collected from the survey were cleaned and 
verified by the national statistics office. Additional information on the design of the survey and how 
the data were processed are detailed in the FLEMMS report (192). 
5.3.2.2 Functional literacy data 
Functional literacy rates were estimated based on seven themes or questions included in the 
FLEMMS individual questionnaire, using a value set of 1 ‘satisfactory’ and 2 ‘not satisfactory’ 
(which also includes ‘not answered independently’ or ‘no answer’). Themes included 1) name; 
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2) address; 3) date of birth; 4) highest school grade completed; 5) first simple arithmetic questions 
e.g. if a kilo of rice costs P25.00, how much will two kilos cost?; 6) second simple arithmetic 
questions e.g. if a kilo of sugar costs P38.00, how much will half a kilo cost?; and 7) reading 
comprehension (192). All items were categorised into dichotomous variables (satisfactory or not 
satisfactory). A summary of the individual scores was used to determine the functional literacy 
level. Reading and writing skills were assessed based on the scores of themes 1 to 4, arithmetic 
skills on themes 5 and 6, and comprehension skills on theme 7. 
My study focuses on school-aged population. For the purpose of my analysis, school-aged 
children were defined as 10 to 19 years old (school-aged children and adolescents). FLEMMS did 
not collect information on children under 10 years old. In total, I analysed data from 11,313 school-
aged children with complete information regarding functional literacy and demographic variables. 
Household level variables (e.g. socioeconomic status, WASH variables), and information regarding 
head of households such as adult functional literacy and education attainment were measured for a 
total of 10,339 heads of households which was extracted from the FLEMMS household 
questionnaire (See Table A-1). 
A total of 1,506 barangays were included, 851 located in Luzon, 254 in the Visayas, and 401 
in Mindanao (Figure 5-1).
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Figure 5-1 Map of 2008 FLEMMS survey locations
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5.3.2.3 Sociodemographic indicators 
I used data from the FLEMMS household and individual questionnaires on school-aged children 
and the heads of households, including age, sex, marital status, education level, employment, and 
occupation status. This indicator is described in detail in Appendix C.2.2. 
5.3.2.4 Water supply, sanitation and hygiene (WASH) indicators 
I used data from the FLEMMS household questionnaire on the following WASH indicators: 
(a) main sources of drinking water (piped into dwelling, protected well, unprotected well, lake or 
pond or rain water or rivers, and other); (b) the types of toilet facility at home (flush toilet, pit toilet, 
and no toilet or bush or field); (c) main material of floor (natural floor earth or sand, bamboo or 
palm or wood, cement, and other); (d) main material of roof (palm or bamboo or wood, aluminium, 
and other); and (e) main material of outer walls of houses (bamboo or cane or palm or wood, 
cement, and other). 
5.3.2.5 Socioeconomic status (SES) indicators 
I used data from the FLEMMS household questionnaire which included a poverty indicator 
(dichotomous variable: poor or non-poor) generated using ownership of household amenities and 
conveniences (e.g. whether the home had electricity, refrigerator, washing machine, phone, cell 
phones, TV, CD, Karaoke or video machine, personal computer, tractor, boat, car, tricycle, 
motorcycle, bicycle) (192). I used this binary poverty indicator as a proxy of household-level SES 
in order to classify households as either low or high SES. 
5.3.2.6 Household education stimuli and cognitive stimulation 
A total of 19 close-ended questions were selected from FLEMMS household questionnaire as the 
home inventory-proxy items. These included questions such as ‘Does your family read 
newspapers?’, ‘Does your family listen to radio?’, and ‘Is there a personal computer at home?’ The 
items were used to construct cognitive stimulation sub-indices. All of the individual items were 
translated into dichotomous (yes or no) variables. The total score is the summation of the individual 
item scores and was used as a covariate in my models. The components of the sub-indices are 
specified in Section 3.1.5.4. 
5.3.2.7 Environmental data 
Data for average annual land surface temperature (LST), average annual rainfall, and distance to 
perennial water bodies (DPWB) were obtained from WorldClim (www.worldclim.org). The 
normalised difference vegetation index (NDVI), which serves as a proxy measure of rainfall for a 
1 × 1 km grid cell resolution, was obtained from the National Oceanographic and Atmospheric 
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Administrations’ (NOAA) Advanced Very High Resolution Radiometer (148). These variables 
were included because many known contributors to cognitive dysfunction such as communicable 
and non-communicable diseases are influenced by environmental factors (7, 22). Other important 
environmental factors such as land cover and soil were excluded due to the unavailability of 
spatially referenced data. The environmental data used in this paper were extracted for the same 
year as the FLEMMS. Values of environmental variables at each survey location were extracted 
using geographic information system (GIS) software (ArcGIS version 10.4.0.5524) (198). 
Electronic maps of the barangays were obtained from the geographic data warehouse DIVA GIS 
(www.diva-gis.org/Data) and PhilGIS (www.philgis.org). 
5.3.3 Spatial analysis 
5.3.3.1 Visualization of spatial heterogeneity of prevalence of functional literacy indicators 
Functional illiteracy survey data were georeferenced to barangay centroids (longitude and latitude), 
which were estimated using the GIS software – Quantum GIS version 1.7.3 (269). Spatial 
heterogeneity was assessed by using maps to visualise geographical variation of functional literacy 
indicators. 
5.3.3.2 Models of prevalence of functional literacy indicators 
The prevalence of functional illiteracy levels in school-aged children aged between 10 and 19 years 
was modelled by transforming the original 2008 FLEMMS functional literacy levels into an ordinal 
variable with the following categories: functional illiteracy (cannot read, write, compute, or 
comprehend), low functional literacy (can only read and write), moderate functional literacy (can 
only read, write, and compute), and functional literacy (can read, write, compute, and comprehend). 
I used “functional literacy” as a reference group in my models. I developed a single frequentist 
fixed-effects multinomial regression model using the statistical software package, Stata version 13.1 
(270) to assess associations between the levels of functional literacy and covariates for each region 
of the Philippines (i.e. Luzon, the Visayas, and Mindanao). 
I built three nested models (Table 5-1). Model 1 included sociodemographic factors such as 
age, sex, level of education, socioeconomic status (SES) factors and water, sanitation, and hygiene 
(WASH) factors, Model 2 included the variables in Model 1 plus household education stimuli 
factors, and Model 3 included the variables in Model 2 plus environmental variables. 
 80 
 
Table 5-1 List of covariates included in the models 
Models 
Covariates included in the model 
Sociodemographic SES WASH 
Household 
education 
stimuli 
Environment 
Model 1 ✓ ✓ ✓ ✗ ✗ 
Model 2 ✓ ✓ ✓ ✓ ✗ 
Model 3 ✓ ✓ ✓ ✓ ✓ 
 
I built my models this way in order to disentangle the effects of individual, household, and 
environmental variables on the prevalence of functional literacy. Collinearity between covariates 
was measured using pairwise correlation coefficients, estimated in Stata version 13.1 (270). Non-
linearity in the univariate relationships between environmental variables and prevalence of 
functional illiteracy levels were assessed and adjusted for by adding quadratic terms where 
appropriate. Model fit was assessed using Akaike’s Information Criterion (AIC) (202). Selection of 
candidate variables for the final multivariable model was conducted using univariable logistic 
regression models, with non-significant variables with Wald’s p>0.2 excluded from further 
analysis. Backwards stepwise regression was conducted on the variables of the final multivariable 
model (Wald’s p<0.05 as the entry criterion). 
Marital status, employment, and occupation status were not found to be significantly 
associated with the prevalence of functional literacy in the preliminary multivariable models and 
thus were excluded from further analysis (Wald’s p>0.2). I found collinearity between adult 
functional literacy rate and adult education attainment indicators, which provided support for the 
inclusion of adult functional literacy indicators only in my model. 
I reported exponentiated coefficients in ratios of relative risks (RRR) which are equivalent 
to odds ratio in multinomial models. I transformed the estimated coefficients into RRR (eb) using a 
Stata command “rrr” in STATA (270). 
5.3.3.3 Analysis of spatial clustering in functional literacy indicators 
I used semivariograms to examine the presence of spatial autocorrelation in the observed prevalence 
of each level of functional literacy and in the residuals of the final multinomial models (residual 
semivariograms) at each barangay using the statistical package geoR of R software version 3.1.1 
(The R foundation for statistical computing, Vienna, Austria, www.R-project.org). Semivariograms 
were generated for each functional literacy indicator for each region. A semivariogram is a 
graphical representation of the spatial variation in a dataset. 
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In the case of residual semivariograms, these represent the spatial variation left unexplained 
by the covariates included in a model. The semivariogram is characterised by three parameters: the 
partial sill, which is the spatially structured component of the semivariance (indicative of the 
tendency for geographical clustering), the nugget, which is the spatially unstructured component of 
the semivariance (representing random variation, very small-scale spatial variability, or 
measurement error) and the range, which is the distance at which locations can be considered 
independent (indicative of the average size of geographical clusters) (34). Semivariograms of model 
residuals were compared between the three nested models. 
5.4 Results 
5.4.1 Dataset for analysis 
I analysed data from 11,313 school-aged children aged 10 to 19 years, including information on 
functional literacy, household and demographic variables, and barangay geolocation. The average 
age of school-aged children was 13.6 years (Table 5-2). 
Table 5-2 Demographic characteristics of school-aged children, stratified by regions of the Philippines 
Variables 
Regions 
Luzon 
(n=6,616) 
The Visayas 
(n=1,814) 
Mindanao 
(n=2,883) 
Age Mean age (Standard deviation) 13.5 (2.37) 13.6 (2.46) 13.8 (2.50) 
Sex Male 3,427 (51.8) 924 (50.9) 1,485 (51.5) Female 3,189 (48.2) 890 (49.1) 1,398 (48.5) 
Functional 
literacy level 
Functional literacy 4,544 (68.7) 1,001 (55.2) 1,584 (54.9) 
Moderate functional literacy 1,506 (22.8) 532 (29.3) 941 (32.6) 
Low functional literacy 366 (5.5) 145 (8.0) 159 (5.5) 
Functional illiteracy 200 (3.0) 136 (7.5) 199 (6.9) 
Highest 
education 
attainment 
No grade completed 33 (0.5) 24 (1.3) 58 (2.0) 
Elementary level 3,765 (56.9) 1,079 (59.5) 1,730 (60.0) 
High school level  2,818 (42.6) 711 (39.2) 1,095 (38.0) 
Employment 
status 
Yes 689 (10.0) 314 (17.3) 472 (16.4) 
No 5,927 (90.0) 1,500 (82.7) 2,411 (83.6) 
Note: Unless otherwise indicated, values represent the absolute number followed by the percentage within 
parentheses. 
The observed prevalence of functional illiteracy in school-aged children was most prevalent 
in the Visayas followed by Mindanao and Luzon (7.5%, 6.9%, and 3.0%, respectively; Table 5-2). 
The observed prevalence of functional illiteracy of heads of households was higher in the Visayas 
and Mindanao compared to Luzon (15.0%, 15.0%, and 6.1%, respectively) (See Table A-1). At the 
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regional level, a higher proportion of households was classified as poor in Mindanao (42.6%) 
compared to the Visayas (38.6%) and Luzon (28.5%), p<0.05) (See Table A-2). Luzon had higher 
average total education stimuli scores compared to Mindanao and the Visayas (p<0.05) (See Table 
A-3 and Figure A-1). Demographic characteristics of the heads of households are summarised in 
Table A-1, and WASH characteristics are illustrated in Figure A-2. 
5.4.2 Spatial distribution of functional literacy 
A map of prevalence of functional illiteracy of school-aged children aged 10 to 19 years shows 
spatial heterogeneity between and within the three regions (Figure 5-2). Functional illiteracy of 
greater than 20% prevalence was observed across a wider geographic area in the Visayas and 
Mindanao compared to Luzon (Figure 5-2). The map suggests that in Luzon, a prevalence of 
functional illiteracy greater than 20% was observed in the northern part of the region, and 
prevalence greater than 15% was observed around the south-western part of Luzon (Figure 5-2). 
The map indicates that in the Visayas, a prevalence of functional illiteracy of greater than 30% was 
observed in the eastern part of the region. Within Mindanao, functional illiteracy was distributed 
towards the south, south-eastern, and south-western parts of the region (Figure 5-2). 
My maps illustrate that school-aged children with moderate and low functional literacy were 
spatially distributed across all regions of the Philippines (See Figure A-3 and Figure A-4). 
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Figure 5-2 Map of prevalence of functional illiteracy in school-aged children in the Philippines 
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Figure 5-3 shows that of the school-aged children who reside in Luzon (6,616), 22.8% were 
classified as having moderate functional literacy, 5.5% had low functional literacy, and 3% were 
classified as having functional illiteracy. 
 
Figure 5-3 Prevalence of functional literacy in school-aged children in three regions of the Philippines 
5.4.3 Models of prevalence of functional literacy indicators 
For all regions, the model which included sociodemographic, SES, WASH, household education 
stimuli, and environmental variables (Model 3) fitted the data best (lowest AIC) (202), and the 
results for prevalence of functional illiteracy are summarised in Table 5-3. The results for 
prevalence of moderate functional literacy and prevalence of low functional literacy are summarised 
in Table A-4 and Table A-5. 
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Table 5-3 Association of selected covariates with functional illiteracy in school-aged children in the Philippines 
Covariates 
Luzon  The Visayas Mindanao 
RRR a 
(95CI b) p-value 
RRR a 
(95CI b) p-value 
RRR a 
(95CI b) p-value 
So
ci
od
em
og
ra
ph
ic
 Age in years (continuous) 
1.01 
(0.92, 1.10) 0.90 
1.90 
(0.99, 1.22) 0.06 
1.09 
(0.98, 1.19) 0.09 
Female (vs Male) 0.47 (0.33, 0.66) *** 
0.71 
(0.47, 1.08) 0.11 
0.61 
(0.39, 0.950) * 
Elementary level (vs No grade completed) 0.01 (0.00, 0.05) *** 
0.05 
(0.01, 0.16) *** 
1.36E-08 
(3.07E-09, 6.01E-08) *** 
High school level (vs No grade completed) 0.002 (0.00, 0.01) *** 
0.01 
(0.00, 0.01) *** 
1.63E-09 
(3.42E-10, 7.83E-09) *** 
Mean functional illiteracy levels of the heads 
of household 
2.58 
(1.86, 3.58) *** 
4.74 
(3.05, 7.38) *** 
6.29 
(3.94, 10.08) *** 
SE
S 
c 
High SES (vs Low SES) 1.09 (0.72, 1.63) 0.69 
0.66 
(0.42, 1.04) 0.07 
0.50 
(0.31, 0.82) ** 
M
ai
n 
so
ur
ce
s o
f 
dr
in
ki
ng
 w
at
er
 fo
r 
m
em
be
rs
 o
f 
ho
us
eh
ol
d 
Protected well (vs Piped into dwelling) 0.89 (0.63, 1.27) 0.53 
1.43 
(0.90, 2.57) 0.22 
1.01 
(0.59, 1.70) 0.97 
Unprotected well (vs Piped into dwelling) 1.15 (0.55, 2.45) 0.72 
1.45 
(0.49, 4.24) 049 
0.39 
(0.15, 1.07) 0.07 
Lake/pond/rain water/rivers (vs Piped into 
dwelling) 
1.09E-09 
(3.30E-10, 3.60E-09) *** 
1.36 
(0.50, 3.69) 0.99 
2.06 
(0.47, 8.99) 0.34 
Other (vs Piped into dwelling) 2.89 (0.87, 9.67) 0.08 
1.36 
(0.50, 3.69) 0.54 
0.51 
(0.19, 1.34) 0.17 
 
Table continues onto the next page.  
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Covariates 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-value 
RRR a 
(95CI b) 
p-value 
RRR a 
(95CI b) 
p-value 
Th
e 
ty
pe
s o
f 
to
ile
t f
ac
ili
ty
 
at
 h
om
e Pit toilet (vs Flush toilet) 
0.98 
(0.50, 1.92) 0.95 
0.42 
(0.14, 1.27) 0.12 
0.66 
(0.29, 1.50) 0.32 
No toilet/bush/field (vs Flush toilet) 2.26 (1.19, 4.27) ** 
1.49 
(0.65, 3.45) 0.34 
0.44 
(0.15, 1.29) 0.14 
M
ai
n 
m
at
er
ia
l 
of
 fl
oo
r 
Bamboo/palm/wood floor (vs Natural floor 
earth/sand) 
0.65 
0.33, 1.29) 0.22 
1.45 
(0.66, 3.45) 0.35 
0.96 
(0.48, 1.95) 0.92 
Cement floor (vs Natural floor earth/sand) 0.74 (0.44, 1.25) 0.26 
0.76 
(0.35, 1.64) 0.48 
0.50 
(0.21, 1.17) 0.11 
Other floor (vs Natural floor earth/sand) 0.78 (0.39, 1.53) 0.46 
1.55 
(0.66, 3.66) 0.32 
0.79 
(0.27, 2.31) 0.66 
M
ai
n 
m
at
er
ia
l 
of
 o
ut
er
 w
al
ls 
of
 h
ou
se
s Aluminium walls (vs Bamboo/palm/wood) 0.89 (0.61, 1.32) 0.59 
1.39 
(0.72, 2.67) 0.32 
1.39 
(0.66, 2.92) 0.39 
Other walls (vs Bamboo/palm/wood) 0.52 (0.20, 1.31) 0.16 
1.21 
(0.38, 3.89) 0.75 
1.07 
(0.34, 3.39) 0.91 
 Household education stimuli mean score 0.92 (0.87, 0.98) ** 
1.02 
(0.93, 1.11) 0.75 
0.96 
(0.89, 1.04) 0.29 
 
Table continues onto the next page.  
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Covariates 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-value 
RRR a 
(95CI b) 
p-value 
RRR a 
(95CI b) 
p-value 
En
vi
ro
nm
en
t 
DPWB d 1.12 (0.87, 1.42) 0.38 
0.80 
(0.59, 1.08) 0.71 
1.25 
(1.02, 1.53) * 
DPWB^2 0.84 (0.74, 0.95) 0.01 
1.03 
(0.88, 1.19) 0.72 N/A N/A 
LST e 0.97 (0.77, 1.21) 0.78 
0.84 
(0.49, 1.43) 0.52 
0.75 
(0.56, 0.99) * 
LST^2 0.99 (0.97, 1.02) 0.62 
0.89 
(0.77, 1.04) 0.13 N/A N/A 
NDVI f 0.94 (0.65, 1.34) 0.71 
1.74 
(0.98, 3.09) 0.06 
1.42 
(1.09, 1.84) ** 
NDVI^2 1.02 (0.93, 1.11) 0.68 
1.59 
(1.12, 2.25) 0.01 N/A N/A 
Rain  1.27 (0.87, 1.85) 0.22 
1.10 
(0.72, 1.69) 0.65 
0.73 
(0.58, 0.92) ** 
Rain^2 0.96 (0.87, 1.06) 0.40 
0.84 
(0.67, 1.05) 0.12 N/A N/A 
 
Intercept 10.12 (1.29, 79.37) 0.03 
0.16 
(0.02, 1.54) 0.11 
13.75 
(11.87, 15.62) 0.00 
Note: Reference group = functional literacy. a RRR = ratios of relative risks; b 95CI = 95% confidence interval; c SES = socioeconomic status; d DPWB = distance to 
perennial water body; e LST = land surface temperature; f NDVI = normalised difference vegetation index; * = statistically significant (p<0.05); ** = statistically 
significant (p<0.01); *** = statistically significant (p<0.001)
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Across all regions, age of school-aged children and illiteracy level of the heads of household 
were positively associated with the prevalence of all levels of functional literacy, except in Luzon 
where age was not associated with the prevalence of low functional literacy. Females (compared to 
males) were negatively associated with prevalence of functional illiteracy in Luzon and Mindanao 
(p<0.001 and p=0.03, respectively). Highest education attainment was negatively associated with 
prevalence of all levels of functional literacy in all regions (between p=0.05 and p<0.001), except in 
the Visayas where this association was observed only for the prevalence of functional illiteracy 
(p<0.001). 
High SES was negatively associated with low functional literacy (p<0.001) (See Table A-5). 
‘Lake or pond or rainwater and rivers’ as main source of drinking water compared to ‘piped into 
dwelling’ (p<0.001), and household education stimuli score were negatively associated with 
functional illiteracy (ratio of relative risks [RRR], 0.92; p=0.01). Households in Luzon without 
access to toilets were positively associated with functional illiteracy compared to households with 
flush toilets ([RRR], 2.26; p=0.03) (Table 5-3). 
In the Visayas, 29.3% of school-aged children were classified as having moderate functional 
literacy, 8% as low functional literacy, and 7.5% as functional illiteracy (Figure 5-3). Protected well 
as a source of drinking water (p=0.01), and LST were negatively associated with moderate 
functional literacy (p=0.02); household education stimuli were negatively associated with moderate 
and low functional literacy (both p=0.03). SES was negatively associated with functional illiteracy, 
albeit non-significant (p=0.07). 
In Mindanao, 32.6% of school-aged children were classified as having moderate functional 
literacy, 5.5% had low functional literacy and 6.9% were classified as having functional illiteracy 
(Figure 5-3). Household education stimuli was negatively associated with low functional literacy 
(p=0.05), and DPWB was positively associated with low functional literacy (p<0.001). SES was 
negatively associated with functional illiteracy ([RRR], 0.50; p=0.01). DPWB ([RRR], 1.25; 
p=0.02) and NDVI ([RRR], 1.42; p=0.01) were positively associated with functional illiteracy, 
while rainfall ([RRR], 0.73; p=0.01) and LST ([RRR], 0.75; p=0.05) were negatively associated. 
5.4.4 Spatial dependence in functional literacy indicators 
My results indicate spatial dependency in the prevalence of all three functional literacy indicators 
(Figure 5-4 below, Figure A-5, and Figure A-6). 
Across all regions, I observed larger cluster size after adjusting for the effect of covariates. 
In Luzon, 52% of the variance in moderate functional literacy was spatially structured with an 
average cluster size of 1.2 km. After adjusting for the effect of covariates in Model 3, the 
percentage of overall variance that was spatially structured and the average size of clusters of 
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moderate functional literacy were 64% and 1.7 km respectively (See Table A-6). For low functional 
literacy, 95.3% of the variance was spatially structured with an average cluster size of 0.7 km. After 
adjusting for the effect of covariates in Model 3, the percentage of overall variance that was 
spatially structured and the average size of clusters of low functional literacy were 83% and 3.3 km 
respectively (See Table A-7). For functional illiteracy, 63.3% of the variance in functional illiteracy 
was spatially structured with an average cluster size of 1.3 km. After adjusting for the effect of 
covariates in Model 3, 83% of the variation was spatially structured and the average size of cluster 
was 3.3 km (Table 5-4). 
In the Visayas, 73.8% of the variance in functional illiteracy was spatially structured with an 
average cluster size of 30.7 km (Table 5-4). After adjusting for the covariates, residual spatial 
dependency of functional illiteracy was no longer visible in that the semivariograms of all three 
models showed a spatial trend in the prevalence of functional illiteracy but no clustering. My 
findings demonstrate spatial dependency only in the raw prevalence of functional illiteracy (Figure 
5-4). 
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Region Observed prevalence Model 1 Model 2 Model 3 
Luzon 
 
  
 
The Visayas 
    
Mindanao 
    
Figure 5-4 Semivariograms of prevalence of functional illiteracy in school-aged children 
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Table 5-4 Results of semivariograms for prevalence of functional illiteracy 
Functional illiteracy Observed data Model 1 Model 2 Model 3 
Luzon 
    
Partial sill 0.0035 0.0058 0.0059 0.0005 
Nugget 0.002 0.0004 0.0002 0.0001 
Practical range (km) a 0.012 (1.33) 
0.006 
(0.67) 
0.000 
(0.01) 
0.03 
(3.33) 
% of the variance due to clustering b 63.62 93.93 96.25 83.33 
The Visayas 
    
Partial sill 0.0096 0.0107 0.0114 0.0176 
Nugget 0.0034 0.0075 0.0075 0.0139 
Practical range (km) a 0.277 (30.74) 
1.425 
(158.18) 
1.243 
(137.97) 
1.444 
(160.28) 
% of the variance due to clustering b 73.83 58.91 60.31 55.86 
Mindanao 
    
Partial sill 0.0115 0.0022 0.0021 0.0036 
Nugget 0.0126 0.0091 0.0092 0.0101 
Practical range (km) a 0.229 (25.42) 
0.468 
(51.48) 
0.469 
(51.59) 
0.632 
(69.47) 
% of the variance due to clustering b 47.66 19.47 18.58 26.23 
Note: a Calculation based on practical range multiplied by 111. 1 decimal degree = 111 km, 0.1 = 11 km, 
0.01 = 1 km, 0.05 = 5 km, 0.005 = 500 m; b Calculation based on partial sill divided by sill (partial sill and 
nugget), multiplied by 100. 
In Mindanao, 27.4% of the variance in moderate functional literacy was spatially structured 
with an average cluster size of 31.3 km. After adjusting for the effect of covariates in Model 3, 
3.4% of the variation was spatially structured, the average size of cluster was unchanged (Table 
5-4), and 48% of the variance in functional illiteracy was spatially structured with an average 
cluster of 25 km. After adjusting for the effect of covariates included in Model 3, 26.2% of the 
variance was spatially structured, and the average size of cluster was 69.47 km (Table 5-4). My 
results indicated spatial dependency in the prevalence of moderate functional literacy (See Figure 
A-5), and functional illiteracy (Figure 5-4). 
5.5 Discussion 
Functional literacy is a key indicator of cognitive function, especially information processing and 
comprehension, and has been used to measure cognitive function in school-aged children in 
previous studies (153, 155, 163, 264, 271). Evaluation of geographical determinants of functional 
literacy is critical for designing and implementing spatially targeted interventions which could 
contribute to efficiently attaining the Sustainable Development Goals (SDGs) for functional literacy 
in school-aged children in the Philippines (272). 
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This study represents the first nation-wide population based spatial epidemiological study 
investigating geographical disparities in functional literacy indicators and its association with 
individual-level variables (sociodemographic factors), household-level variables (SES, WASH, 
household education stimuli factors), and environmental variables (DPWB, LST, NDVI, rainfall). 
My study indicates that the prevalence of functional illiteracy is heterogeneous in the Philippines 
while showing important regional differences in key determinants of functional illiteracy. 
5.5.1 The role of household WASH and educational stimuli in the spatial variation of 
functional illiteracy in Luzon 
Household WASH variables including type of toilet facility and the main sources of drinking water 
were found to be important determinants of the prevalence of functional illiteracy in the region of 
Luzon. Households in Luzon without access to toilets had higher prevalence of functional illiteracy 
compared to households with flush toilets. 
Previous studies have demonstrated that practice of open defecation increases the risk of 
childhood stunting, and transmission of infectious diseases (25, 273). Available evidence suggests 
that households with access to unprotected drinking water sources are at increased risk of infectious 
diseases such as cholera, and other bacterial and infectious diarrhoeal diseases which are also 
known to affect children’s development (79, 274). My results show that the use of unprotected 
drinking water sources (lake, pond, rainwater or rivers) is also associated with reduced functional 
illiteracy. 
My findings may be confounded by the fact that unprotected drinking water sources are 
more likely to be present in agricultural communities where access to food and nutritional security 
are maintained through local food production. Natural rivers and lakes are often used as sources of 
agricultural irrigation and water for livestock (275). Indeed, previous studies indicate that food 
security has a positive impact on nutritional status and the long-term cognitive development of 
children (276). Data on metal concentration in water that could represent the scope of possible 
exposure to neurotoxicants among children in Luzon were not available. Instead, ecological and 
household proxies were used in my models. For example, the effect of unprotected drinking water 
sources may have been underestimated due to a low level of environmental pollutants or metal 
concentration in water in this area compared to Mindanao and the Visayas (253, 277, 278). Further 
investigation is needed to examine the factors mediating the relation between access to water 
sources and the prevalence of functional illiteracy identified in this study. 
My results also demonstrate that in Luzon, the quality of the home environment is an 
important predictor of functional literacy of school-age children. Indeed, my results showed that of 
the three regions, Luzon had the lowest proportion of households classified as poor and that the 
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average total scores of households’ education stimuli were higher in Luzon compared to the Visayas 
and Mindanao. This may mean that household education stimuli available to children in Luzon 
reflects not only household SES but that there is variability of household education stimuli scores 
within SES classes. Previous studies also found house environment mediated the association 
between family SES and executive functions of inhibitory control and working memory in school-
aged children (135). 
Taken together, my findings suggest that functional literacy in Luzon may benefit from 
health promotion interventions that improve personal hygiene practices, which could play a key role 
in mediating the effects of infectious diseases and malnutrition, and assist families with providing a 
stimulating environment for children of school age. 
5.5.2 The role of environment and socioeconomic status (SES) in the spatial variation 
of functional illiteracy in the Visayas and Mindanao 
Environmental factors and poverty play important roles in the spatial variation of functional 
illiteracy in the Visayas and Mindanao. While my results indicate that environmental determinants 
play different roles in functional illiteracy depending on the region, the effects of environmental 
variables on the spatial variation of functional illiteracy were greatest in Mindanao. 
The Philippines frequently experiences droughts, typhoons, and flooding which lead to the 
destruction of crops, land degradation, and siltation of irrigation systems caused by severe erosion 
(279). Such extreme weather events are of concern particularly among households in Mindanao 
where agriculture and fisheries are the major economic activities. Evidence suggests that since early 
2000 extreme weather events including long periods of high temperatures and intense rainfall have 
intensified in Mindanao (280). Farming communities are particularly vulnerable to climate-
associated food insecurity which has a negative impact on the nutritional status and child 
development in affected populations, as well as increasing the susceptibility to disease (276, 280). 
My findings showed that low SES was positively associated with functional illiteracy in 
Mindanao. Evidence suggests a possible link (behavioural and neurobiological) between low SES 
and functioning of different domains of neurocognitive systems including children’s performance 
on language and literacy skills (10, 281). This relation is mediated by different mechanisms such as 
parenting behaviour, linguistic stimulation, children’s experience of stress (10), and possible 
exposure to methylmercury (2, 282). Cortes-Maramba et al (2006) reported an association between 
elevated blood methylmercury levels and exposure to the mining in a small-scale gold mining 
community in Sibutad, located in the western part of Mindanao (278). There is presently limited 
data to conduct a full geographical assessment of the impact of methylmercury on cognitive 
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dysfunction, thus further community-level studies in the areas identified in my study as most at risk 
of cognitive dysfunction are required to evaluate these important environmental confounders. 
The observed association could also be explained by the effect of malnutrition in the poorest 
areas of Mindanao. My map of the spatial distribution of functional illiteracy in Mindanao (Figure 
5-2) shows a higher rate of functional illiteracy in western Mindanao, known for its high prevalence 
of underweight, stunting, and wasting in children (283, 284). Furthermore, Mindanao has suffered 
social and political conflict for many years which have led to greater food insecurity, limited land 
use options, and a higher rate of poverty in this region (280). Further investigation is needed to 
understand the factors that mediate the association between SES and functional illiteracy in 
Mindanao and the Visayas. 
Taken together, my findings suggest that poverty is likely to be a key determinant of 
malnutrition in this region, explaining the geographical heterogeneity of functional illiteracy 
indicators. Areas with high rates of poverty may benefit from integrated interventions that aim to 
reduce malnutrition in school-aged children. 
5.5.3 Limitations 
The results of this study need to be interpreted in light of several limitations. My estimates of 
functional illiteracy indicators rely on performance-based functional literacy data. Although these 
tools are designed to measure different domains of cognitive functioning in school-age children, 
performance-based measurement tools may be differentially related to the outcome – for example 
participants who completed self-reported questionnaires may have had a chance to ask interviewers 
questions and get support when required (285). 
Further, my data are from the 2008 FLEMMS and may not accurately reflect the current 
situation, with the rapid urbanisation that is happening in some parts of the Philippines (286). 
However, these data constitute the most comprehensive and up to date information on functional 
illiteracy in the Philippines and yield novel insights into the ways environmental input can affect 
child development. Data on literacy rates are scarce due to the costs involved in their collection and 
processing (260) and in the Philippines, census data are collected every ten years (189). The latest 
data on literacy were collected in 2010, however information on functional literacy rate has not 
been updated in the report produced by the Philippines government since 2008 (189, 190). It is 
notable, however, that the rate of functional literacy has not seen much improvement over the last 
three times that FLEMMS was conducted[83.8% in 1994, 84.1% in 2003, and 86.4% in 2008 (data 
from 1989 was not available for comparison)] (189). Based on currently available information, 
improvement has been shown to be slow. Further investigation is required to determine if there has 
been any significant improvement since 2008. 
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In addition, I used an ecological approach, using secondary data on environmental predictors 
of functional illiteracy such as climate and SES (276, 287). Some of these proxies are imprecise 
measurements of exposure, resulting in regression dilution bias leading to underestimation of the 
observed effects (288). 
Further, I created my own home inventory-proxy measurement (education stimuli measure), 
so my results cannot be readily compared with the standard home-inventory index questionnaire 
(194, 289). My education stimuli measure included selected variables in FLEMMS, which attempt 
to document whether access to learning materials and activities would improve cognitive function 
of school-aged children (99, 193, 290). Nevertheless, my results indicated that there is evidence for 
a degree of specificity of the effect of household education stimuli. My education stimuli score 
appeared to be a reasonably reliable scale with moderate correlations with SES element, which was 
based on ownership of household amenities (a pairwise correlation coefficient of 0.36). 
Finally, my paper highlights the need of a complementary modelling approach that could be 
used to investigate potential reverse causation. While standard multivariate regression models may 
be useful for exploring the effects of predictor variables on the outcome variable, it may not be 
sufficient to explain the interrelation (associations and dependency) between multiple 
interdependent variables (291, 292). Previous studies showed that maternal literacy can improve the 
health navigation skills of mothers, which leads to child mortality reduction (271, 293). Multiple 
determinants of literacy have variable impact depending on where and how they are embedded in a 
child’s life. Future studies need to account for the complex interdependencies between these 
determinants. 
5.6 Conclusions 
My study demonstrates that functional literacy is heterogeneous in the Philippines and that the 
determinants of functional literacy vary between regions. The results support the need for 
geographically targeted interventions that consider the context-specific determinants identified in 
this study. In the context of the current work, this is particularly relevant in order for the Philippines 
to achieve the Sustainable Development Goals for literacy by 2030. More broadly, my findings 
demonstrate an approach that can guide policy makers elsewhere, to design geographically targeted 
intervention programs for populations most in need. 
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Chapter 6 Spatial distribution and populations at risk of 
A. lumbricoides and T. trichiura coinfections and infection 
intensity classes: an ecological study 
6.1 Context 
Children in resource limited countries are at increased risk of exposure to Soil-transmitted helminth 
(STH) infections due to living in conditions of poverty resulting in limited sanitation facilities, 
limited education opportunities and social unrest (11). Exposure to STH infections is also driven by 
environmental factors such as vegetation, land cover, elevation, temperature and water availability 
(7). Additionally, sex and age have been shown to influence exposure and susceptibility to STH (27, 
50, 51). 
Despite intervention schemes being implemented to reduce morbidity attributable to STH 
infections in the Philippines (13, 20), persistently high prevalence rates among school-aged children 
continue to be recorded across the country (22, 24, 54, 56). According to the most recent WHO 
report, it is estimated that 19.6 million school-aged children live in STH endemic areas of the 
Philippines, and require preventive chemotherapy (18). Mapping the prevalence of STH infections 
is important to define areas that need regular treatment with albendazole or mebendazole. 
The results of Chapter 5 demonstrated that functional literacy is heterogeneous in the 
Philippines and that the determinants of functional literacy vary between regions. The maps of 
prevalence of functional illiteracy in school-aged children presented in Chapter 5 showed that the 
prevalence of functional illiteracy was greater than 20% in the northern part of Luzon. Areas of 
high endemicity of functional illiteracy were also found towards the eastern part of the region in the 
Visayas and distributed towards the south, south-eastern and south-western parts of Mindanao. 
While these areas coincide with areas previously identified as having high prevalence of STH 
infection (22, 24, 51, 294, 295), prevalence of STH infection alone is not necessarily a good 
indicator of population-level morbidity (22). 
The level of STH-associated morbidity depends on the number of STH worms individual 
harbour and the presence of infections with multiple species of STH (7, 12, 31, 45). Indicators 
based on coinfections and moderate to high infection intensities, which are linked to higher degrees 
of morbidity, might be more useful for estimating disease burden (12). To address this, in this 
Chapter I investigated nationwide spatial variation in the prevalence of Ascaris lumbricoides 
monoinfection, Trichuris trichiura monoinfection, coinfections of A. lumbricoides and T. trichiura 
(the most prevalent paired coinfections in the dataset), and infection intensity classes of 
A. lumbricoides and T. trichiura infections in the Philippines. With that in mind, I have conducted a 
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set of spatial analyses, using data on STH infections of 29,919 individuals (including children under 
5 years old, school-aged population defined as 5 to 19 years old, and individuals aged 20 years and 
older) collected during the National Schistosomiasis Survey in the Philippines between 2005 and 
2007. 
Using these data, I quantified the role of environmental variables (rainfall, land surface 
temperature, and distance to inland water bodies) in the geographical disparities in STH coinfection 
and infection intensity classes. For that, I developed Bayesian-model-based multinomial 
geostatistical (MBG) models using these predictors as covariates in addition to age, sex, and a 
geostatistical random effect in the models for the prevalence of A. lumbricoides monoinfection, 
T. trichiura monoinfection, coinfections of A. lumbricoides and T. trichiura, and infection intensity 
classes of A. lumbricoides and T. trichiura infections. In addition, I estimated the total number of 
individuals coinfected and belonging to each of the infection intensity classes in 2017. 
In this Chapter, I demonstrate that the risk of A. lumbricoides and T. trichiura coinfections 
and moderate/high infection intensity A. lumbricoides and T. trichiura infections are geographically 
variable even within high-risk areas in the Philippines. Results of MBG models indicated that 
school-aged populations (5 – 19 years) are most at risk of A. lumbricoides and T. trichiura 
coinfections and of moderate/high infection intensity compared to other age groups. I estimated the 
number of school-aged children infected with A. lumbricoides and T. trichiura coinfections to be 
highest in Luzon (estimated total of 89,400), followed by the Visayas (estimated total of 38,300) 
and Mindanao (estimated total of 20,200) in 2017. High-resolution prediction maps presented in 
this Chapter confirm the importance of environmental variability at explaining the observed spatial 
variation of A. lumbricoides and T. trichiura coinfections and infection intensity classes. 
Together these key findings indicate that STH-associated morbidity are highly focal. With 
that regard, the coinfection and infection intensity classes prediction maps produced in this Chapter 
could be used to plan spatially targeted helminth control interventions in the Philippines. 
Comparative analysis of the results of this Chapter with those reported in Chapter 5 suggest that in 
some areas in the Philippines, STH infections may potentially be playing a key role in the spatial 
heterogeneity of reduced functional literacy in school-aged children. This hypothesis is formally 
tested in Chapter 7. This Chapter is presented as a paper, which has been published in Parasites and 
Vectors, and supporting technical information is presented in Appendix B. 
6.2 Background 
Soil-transmitted helminth (STH) infections with Ascaris lumbricoides, Trichuris trichiura, and 
hookworm species including Ancylostoma duodenale, Ancylostoma ceylanicum, and Necator 
americanus are among the most common infections in school-aged populations. These infections 
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are particularly common in impoverished communities where the provision of water, sanitation and 
hygiene education are limited (11). Exposure to STH infections is also driven by environmental 
factors such as vegetation, land cover, elevation, temperature and water availability (7). 
Additionally, sex and age have been shown to influence exposure and susceptibility to STH 
(27, 50, 51). Morbidity caused by STH infections are estimated to incur 4.98 million years lived 
with disability (YLDs) for an estimated loss of 5.18 million disability-adjusted life years (DALYs) 
(11). STH-related morbidity includes anaemia of inflammation and iron-deficiency, chronic 
nutritional imbalances, stunting, impaired cognitive function, and delayed development of fine and 
gross motor functions (11, 12). The highest burden for A. lumbricoides is observed in South and 
Southeast Asia and West Africa, and the highest relative burden for T. trichiura and hookworm is 
found in southern Africa (11). Previous studies have demonstrated that STH-associated morbidity is 
exacerbated by coinfections and high intensity infections (7, 12, 31, 45, 65). 
To control STH morbidity, the World Health Organization (WHO) advocates the 
administration of regular chemotherapy with anthelminthic medicines such as albendazole and 
mebendazole to at-risk populations (12). Importantly, WHO proposes the global target of 
eliminating morbidity attributable to STH in school-aged children by 2020 by regularly treating at 
least 75% of school-aged children in STH endemic areas (18). Treatment is given once a year where 
the prevalence of STH infections in the community is over 20%, and twice a year where the 
prevalence exceeds 50% (18) at the commencement of a program. 
The Philippine Department of Health has been implementing an integrated helminth control 
program since 2006, using chemotherapy with albendazole or mebendazole targeting all children 
aged 12 months to 12 years, pregnant women, adolescents, farmers and indigenous populations (20-
22). The integrated helminth control program also includes health education approaches and 
installation of water and sanitation facilities (23). However, even after one decade of integrated 
helminth control program implementation, the WHO target of <20% prevalence of STH infections, 
and elimination of moderate and high intensity infections in school-aged children has not been 
reached in the Philippines (13, 24, 25, 56). According to the most recent WHO report, it is 
estimated that 19.6 million school-aged children live in STH endemic areas of the Philippines and 
require preventive chemotherapy (18). 
The spatial distribution of STH infection prevalence shows significant variation across the 
Philippines (22, 191). While mapping the prevalence of STH infections is important to define areas 
that need regular treatment with albendazole or mebendazole (13), the prevalence of infection alone 
is not necessarily a good indicator of population-level morbidity. Indicators based on coinfections 
and intensity of infection, which are linked to morbidity, might be more useful for estimating 
disease burden (26, 27). Indeed, modelling the spatial distribution of STH infection intensity classes 
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and coinfections has relevance for identifying communities where the likelihood of morbidity and 
parasite transmission is at its highest (27, 28). Targeting treatment, prevention and control activities 
to communities with high-intensity STH infections, or coinfections, could lead to a more efficient 
reduction in transmission and severe STH-related morbidity compared to targeting treatment based 
only on prevalence of single infections (28-30). 
Despite intervention schemes being implemented to reduce morbidity attributable to STH 
infections in the Philippines (13, 20), persistently high prevalence rates among school-aged children 
continue to be recorded across the country (24, 56, 294, 296). Available evidence suggests that 
indicators based on coinfections and infection intensities, which are linked to higher degrees of 
morbidity, are useful for estimating disease burden. Furthermore, prediction maps based on 
coinfection and intensity models have made spatially targeted helminth control interventions 
possible (27, 34). Studies of this kind have not been conducted in the Philippines. Therefore, in this 
study I attempt to apply this methodology to provide previously unavailable evidence such as 
predictive prevalence maps of STH coinfections and infection intensity classes to identify and 
quantify populations most at risk of STH-associated morbidity in the Philippines and thus assist the 
local governments to focus their resource allocation on these areas. 
6.3 Methods 
6.3.1 Data for analysis 
6.3.1.1 STH infection data 
Information on study design, sample size and sampling procedures are detailed elsewhere (22). In 
brief, I used STH infection data collected during the National Schistosomiasis Survey in the 
Philippines in 2005 to 2007 (50, 191). The previous study (22) used data collected from the 
National Schistosomiasis survey and from Western Samar (297); however, my study does not 
include the infection data from Samar due to the lack of reliability of the intensity of infection data. 
Therefore, to maintain data consistency across all models I only used the data collected by the 
National Schistosomiasis Survey. This brought the total number of individuals included in this 
study, after removing those without plausible intensity of infection information, to 2,701 for Luzon, 
7,575 for the Visayas, and 19,643 for Mindanao. 
In the national survey, STH infections were diagnosed by the detection of parasite eggs in 
two stool samples collected in two separate days from each individual, using a Kato-Katz thick 
smear examination; however, the submission of the second stool sample was reported to be 
inconsistent, thus only the results from the first examination was taken (50, 191). Infection intensity 
was expressed as eggs per gram of faeces (epg) (22). Each individual was categorised into infected 
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or not infected based on the presence of at least one egg. I only considered data for A. lumbricoides 
and T. trichiura because coinfections with these parasites were most prevalent (Table B-1). 
I analysed infection intensity data only from Mindanao because the majority of STH 
infections for Luzon and the Visayas were of light infection intensity. I excluded hookworm from 
my infection intensity models because the majority of hookworm infections in Mindanao were of 
light infection intensity (1 – 1,999 epg). Data on infection intensity were categorised according to 
the WHO classes, i.e. 0, 1 – 4,999, 5,000 – 49,999, and over 50,000 epg for A. lumbricoides and 
0, 1 – 999, 1,000 – 9,999, and >10,000 epg for T. trichiura for light, moderate and high infection 
intensity, respectively (26). I combined moderate and high infection intensity classes due to low 
prevalence of high infection intensity classes for all species of STH in my analyses (Table 6-1).  
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Table 6-1 Number of individuals with STH infections, and the distribution of infection intensity among those 
infected in Mindanao 
STH species 
Total number of 
individuals 
Age group (in years) 
Under 5 5 – 19 20 and older 
A. lumbricoides a  
With infection, n 2,447 294 1,249 904 
Mean infection intensity 
(95% CI) 
8,450.8 
(7,574.1 – 
9,327.5) 
15,163.9 
(11,142.9 – 
19,184.9) 
9,118.8 
(7,874.2 – 
10,363.3) 
5,344.6 
(4,405.6 – 
6,283.7) 
Light intensity 
n (%) 1,704 (69.6) 170 (57.8) 830 (66.5) 704 (77.9) 
Moderate intensity 
n (%) 651 (26.6) 99 (33.7) 365 (29.2) 187 (20.7) 
High intensity 
n (%) 92 (3.8) 25 (8.5) 54 (4.3) 12 (1.4) 
T. trichiura b  
With infection, n 2122 164 1064 894 
Mean infection intensity 
(95% CI)  
506.7 
(384.9 – 628.5) 
525.1 
(332.5 – 717.6) 
540.1 
(380.2 – 699.9) 
465.5 
(250.2 – 680.8) 
Light intensity 
n (%) 1935 (91.2) 143 (87.2) 955 (89.7) 837 (93.6) 
Moderate intensity 
n (%) 176 (8.3) 21 (12.8) 104 (9.8) 51 (5.7) 
High intensity 
n (%) 11 (0.5) 0 (0.0) 5 (0.5) 6 (0.7) 
Hookworm c  
With infection, n 1503 124 418 961 
Mean infection intensity 
(95% CI)  
275.0 
(227.3 – 322.8) 
368.4 
(162.8 – 574.1) 
243.5 
(135.3 – 351.6) 
276.7 
(224.8 – 328.6) 
Light intensity 
n (%) 1,473 (98.0) 121 (97.6) 412 (98.6) 940 (97.8) 
Moderate intensity 
n (%) 29 (1.3) 1 (0.8) 2 (0.5) 17 (1.8) 
High intensity 
n (%) 10 (0.7) 2 (1.6) 4 (0.9) 4 (0.4) 
Note: a Light infection intensity: 1 – 4,999 eggs per gram of faeces (epg), moderate: 5,000 – 49,999 epg, 
high: ≥50,000 (26); b Light infection intensity: 1 – 999 epg, moderate: 1,000 – 9,999 epg, high: ≥10,000 epg 
(26); c Light infection intensity: 1 – 1,999 epg, moderate: 2,000 – 3,999 epg, high: ≥4,000 epg (26). 
Data from the regions of Luzon and the Visayas were combined due to the size of the 
separate datasets, the frequent movement of people between islands of both regions and the similar 
spatial dependence patterns in these two regions as demonstrated in my spatial analyses. The 
presence of infection was measured for a total of 10,276 participants for Luzon and the Visayas, and 
19,643 for Mindanao from 187 survey locations (i.e. 79 locations in Luzon and the Visayas, and 
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108 locations in Mindanao), with complete information regarding STH infection status, barangay 
geolocation and demography (i.e. age and sex). For the purpose of this study, age was stratified as 
categorical variables (children under 5 years old, school-aged population defined as 5 – 19 years 
old, and individuals aged 20 years and older). 
6.3.1.2 Environmental data 
Environment data for land surface temperature (LST), rainfall and distance to perennial water 
bodies (DPWB) were obtained from WorldClim (www.worldclim.org). Normalised difference 
vegetation index (NDVI) data, which serves as a proxy measure of rainfall for a 1 × 1 km grid cell 
resolution, were obtained from the National Oceanographic and Atmospheric Administrations’ 
(NOAA) Advanced Very High Resolution Radiometer (148). Values of these environmental 
covariates were extracted in ArcGIS version 10.4.0.5524 (198) for each barangay. 
6.3.2 Spatial analysis 
6.3.2.1 Geo-referencing of data 
The unit of analysis was the barangay (the smallest administrative unit in the Philippines), which 
has an average diameter of approximately 11 km. Barangay centroids were estimated using the 
geographical information system (GIS) software Quantum GIS version 1.7.3 (QGIS Development 
Team, 2011) based on a shapefile of the barangays of the Philippines, obtained from the 
geographical data warehouse DIVA GIS (www.diva-gis.org/Data) and PhilGIS (www.philgis.org). 
Infection data and environmental data were linked to the barangay centroid. 
6.3.2.2 Variable selection 
In all models, initial variable selection included sex and age, and environmental variables (rainfall, 
DPWB, LST and NDVI). LST were considered in the analysis because A. lumbricoides and 
T. trichiura have thermal thresholds outside of which the survival of the infective stages in the soil 
declines (27, 36). Rainfall, NDVI and DPWB were also considered because these affect the 
moisture of the soil where the helminth infective stages are found, and therefore their survival. 
Correlations between environmental covariates were investigated using Pearson’s correlation 
coefficients. 
Frequentist fixed-effects multinomial regression models of A. lumbricoides and T. trichiura 
coinfections were developed. I used multinomial models for the prevalence of STH infection 
intensity classes rather than infection intensity data on a continuous scale. This was done to 
facilitate estimation of the number of population with a particular infection intensity class. An 
interaction between age and sex was checked in all models using the “mfpigen” command in Stata 
version 13.1 (270). It was found that an interaction term between age and sex improved the STH 
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coinfection model for Mindanao only. Previous studies indicated that the non-linear relationship 
between infection and environmental covariates could be addressed parametrically (27, 34). 
In all models, non-linearity between STH infection outcomes and environmental data was 
investigated (27). Quadratic terms for DPWB and rain were found to improve model fit of non-
spatial multinomial models for the prevalence of A. lumbricoides infection intensity classes, as per 
the Akaike’s Information Criterion (AIC) (202). Covariates were included in the final model based 
on backwards-stepwise regression analysis (with Wald’s p>0.2 as the exclusion criterion, and 
p<0.05 as the entry criterion). 
6.3.2.3 Analysis of residual spatial dependence 
Residuals for non-spatial models with the final set of covariates were extracted and examined for 
spatial autocorrelation by generating semivariograms using the geoR package of R software version 
3.1.1 (The R foundation for statistical computing, Vienna, Austria, www.R-project.org). Further 
detailed information regarding analysis and results of residual spatial dependence is provided in 
detail (See Appendix B.1). The semivariograms for Luzon and the Visayas (See Figure B-1 
demonstrated similar spatial dependence, justifying the combining of data from these two regions 
into a single region for subsequent modelling. 
6.3.2.4 Spatial models 
Multinomial models with geostatistical random effects were built using OpenBUGS (MRC 
Biostatistics Unit, Cambridge, and Imperial College London, UK) for Luzon/the Visayas and 
Mindanao. 
In my coinfection models, survey data were aggregated into groups according to age, sex, 
and location using four infection outcomes (i.e. No infection, A. lumbricoides monoinfection, 
T. trichiura monoinfection, and A. lumbricoides and T. trichiura coinfections). For the Mindanao 
STH infection intensity class models, I used three infection intensity outcomes for A. lumbricoides 
and T. trichiura infections (i.e. No infection, light intensity, and moderate/high intensity). All 
models included an intercept, individual-level variables such as age (categorised into three age 
groups: aged <5 years, 5 – 19 years, and ≥20 years) and sex, the selected environmental variables, 
and a geostatistical random effect. 
Due to computational demands, my spatial models for Mindanao did not include quadratic 
terms for rainfall and DPWB variables (in the infection intensity model for A. lumbricoides) or 
interaction terms between age and sex (in the A. lumbricoides and T. trichiura infection intensity 
models and coinfection model). For all models, the reference category was “No infection”. 
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6.3.2.5 Formal Model Presentation 
For coinfection models and infection intensity class models, I assumed 
𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 ~ Multinomial(𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖,𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖), and 
𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖∑𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖 
where Yijk is the observed number of children at location i in age-sex group j and outcome group k. 
For coinfection models, i=1,..,187, j=1,…,6, and k=1,…,4. The 187 locations come from 79 
locations in Luzon and the Visayas, and 108 locations in Mindanao. The six sex-age groups were 
made of male/female and ages <5 years, 5 – 19 years, and ≥20 years. The four outcome groups 
were: No infection (reference group), A. lumbricoides monoinfection, T. trichiura monoinfection, 
and A. lumbricoides and T. trichiura coinfections. In contrast to coinfection models, for infection 
intensity class models, i=1,..,108, j=1,…,6, and k=1,…,3. The 108 locations come from the survey 
locations in Mindanao alone. The six sex-age groups were the same as for coinfection models. The 
three outcome groups are: No infection (reference group), light infection intensity, and moderate to 
high infection intensity. nijk is the number tested and pijk is the probability of infection. Here Φijk can 
be thought of as the overall odds of being in a specific outcome group relative to not being infected. 
To give a reference value, Φij1 (for the no infection group) was constrained to equal 1. The nominal 
regression models were fitted for the other outcome groups for both coinfection models and 
infection intensity class models as 
log�𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖� = 𝛼𝛼𝑖𝑖 + �𝛽𝛽𝑧𝑧𝑖𝑖 × 𝜒𝜒𝑧𝑧𝑖𝑖𝑖𝑖 + 𝜃𝜃𝑖𝑖𝑖𝑖𝑇𝑇
𝑧𝑧=1
 
where αk is the outcome group-specific intercept, β is a matrix of T coefficients and x is a matrix of 
T covariates. The θik are coefficients representing location-level (i.e. barangay) spatial effects for 
the prevalence of each mono- and coinfection and of each infection intensity class. They have a 
multivariate normal distribution 𝜃𝜃𝑖𝑖𝑖𝑖 ~ 𝑀𝑀𝑀𝑀𝑀𝑀(0,∑𝑖𝑖𝑖𝑖) are defined by isotropic powered exponential 
spatial correlation functions as 
∑𝑖𝑖𝑖𝑖 = 𝑓𝑓(𝑑𝑑𝑎𝑎𝑎𝑎 ,𝜙𝜙) = 𝜎𝜎2exp[−(𝜙𝜙𝑑𝑑𝑎𝑎𝑎𝑎)] 
where dab are the distances between pairs of survey locations a and b, the parameter Phi (Φ) is the 
rate of decay of spatial correlation per unit of distance, and σ2 is a variance parameter. For the 
Mindanao model, non-informative priors were used for the intercept alpha (α), and the effect sizes 
of covariates beta (β) (normal distribution prior with mean zero and precision 0.001). For the Luzon 
and Visayas model, the prior for the intercept and the effect size of covariates had mean zero and 
𝑖𝑖  
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precision 0.01. The geostatistical random effects were assumed to follow a normal distribution, with 
a mean of zero and a variance of 1/ui, where the precision of ui was given a non-informative 
gamma prior distribution with shape and scale parameters = 2, 0.05. The parameter Phi (Φ) refers to 
the rate of decay of spatial autocorrelation per unit distance, and indicates the size of clusters. The 
prior distribution of Φ was also given a non-informative gamma prior distribution with shape and 
scale parameters = 2, 0.05 (34).The radius of a cluster measured in decimal degrees corresponds to 
3/Φ. One decimal degree is equivalent to approximately 111 km at the equator (the radii of cluster = 
3/Φ×111 km : the further away from the equator the multiplier increases). 
6.3.2.6 Prediction Maps 
Model predictions were used to generate representative risk maps of the prevalence of 
A. lumbricoides and T. trichiura monoinfection and coinfection across the Philippines, and the 
prevalence of infection intensity classes across Mindanao region, for females aged 5 – 19 years, the 
subgroup with the highest prevalence of monoinfection, coinfections and infection intensity classes 
(note: all other age and sex groups would have a different overall mean infection prevalence, but the 
same spatial patterns of infection risk). Predictions were made at the nodes of a 0.05 × 0.05 decimal 
degree grid (approximately 5 km2). The mean and standard deviation were extracted from the 
posterior distributions of predicted risk and plotted in ArcGIS version 10.4.0.5524 (198). Further 
detailed information regarding model specification is provided in Appendix B.2. 
6.3.2.7 Model validation 
WHO recommends that in order to mitigate STH morbidity, an area must attain prevalence less than 
20% as well as eliminate moderate/high infection intensities entirely (57). The models were 
validated in terms of their ability to predict prevalence of higher or lower than 20% as per WHO 
guidelines. 
The area under the curve (AUC) of the receiver operating characteristic (ROC) was used to 
determine discriminatory performance of the model predictions relative to observed coinfections 
prevalence thresholds of 20% at validation locations. Validation was indeed based on holding a 
random 25% subset of the data and performing AUC ROC to assess the discriminatory ability of the 
model on the 20% WHO threshold of prevalence. AUC ROC is a valid model validation procedure 
routinely used in similar studies (22). 
For my models of prevalence of STH infection intensity classes, I used the mean prevalence 
of infection intensity classes of A. lumbricoides and T. trichiura as my cut-off value to determine 
discriminatory performance of the model predictions (20%, 15%, respectively). An AUC of 
0.50 – 0.69¯ was taken to indicate poor discriminative ability, 0.70 – 0.89¯ reasonable discriminative 
ability, and ≥0.90 good discriminatory ability (203). 
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6.3.2.8 Estimation of the number of infections in population most at risk of STH-associated 
morbidity in the Philippines in 2017 
The school-aged population (5 – 19 years old) was identified as being most at risk of STH-
associated morbidity in my analysis. In order to estimate the number of school-aged individuals 
aged 5 – 19 years at risk, I multiplied a raster map of the estimated total number of school-aged 
individuals in 2017 by the predicted prevalence of A. lumbricoides and T. trichiura monoinfection 
and coinfections, and the prevalence of infection intensity classes. To derive the 2017 population 
raster map, I multiplied the 2015 population raster map from the AsiaPop project (199) by the 
reported UNDP annual population growth rate for 2015 – 2020, which was retrieved from the 
World Population Prospects 2015 Revision Population Database (201). To generate a raster map of 
the estimated total number of school-aged individuals in 2017 in the Philippines, the 2017 
population raster map was multiplied by the proportion of the Filipino population aged 5 – 19 years 
to derive a map of the number of school-aged individuals per square kilometre, and then summed 
by region. All estimates were conducted in the ArcGIS Map algebra raster calculator (198). 
6.4 Results 
6.4.1 Descriptive findings 
For the purpose of spatial modelling, 10,276 individuals in the combined region (i.e. Luzon and the 
Visayas) and 19,643 individuals in Mindanao with complete information were included in the 
analysis (See Table B-2). The observed prevalence of infection was higher in females than males in 
all regions. Among children aged 5 years and younger and school-aged population (5 – 19), the 
prevalence of A. lumbricoides and T. trichiura coinfections was highest in Luzon and the Visayas, 
whereas the prevalence of A. lumbricoides monoinfection was highest in Mindanao. 
Prevalence of T. trichiura monoinfection was highest in individuals aged 20 and older in 
Luzon and the Visayas. Ascaris lumbricoides monoinfection was highest among this age group in 
Mindanao. In the case of the infection intensity (Mindanao only), among those infected, the 
majority of A. lumbricoides and T. trichiura infection intensity classes were of light infection 
intensity, 30% were of moderate to high infection intensity classes of A. lumbricoides, and 
approximately 9% were of moderate to high intensity of T. trichiura infections. 
6.4.2 Spatial risk prediction 
In Luzon, the Visayas, and Mindanao, females had significantly higher risk of A. lumbricoides 
monoinfection and A. lumbricoides and T. trichiura coinfections compared to males (Table 6-2 and 
Table 6-3). Similar results were found in each infection intensity class for both A. lumbricoides and 
T. trichiura infections (Table 6-4). 
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Table 6-2 Spatial effects for the prevalence of mono- and coinfections, in Luzon and the Visayas 
Coefficient 
A. lumbricoides mono 
Mean (95% BCI) a 
T. trichiura mono 
Mean (95% BCI) a 
Coinfection 
Mean (95% BCI) a 
Female vs male 0.38 (0.23 – 0.52) 
0.07 
(-0.05 – 0.19) 
0.18 
(0.05 – 0.30) 
Age 5 – 19 years old 
vs <5 years old 
0.54 
(0.34 – 0.75) 
1.21 
(1.01 – 1.42) 
1.18 
(0.98 – 1.37) 
Age ≥20 years old 
vs <5 years old 
-0.10 
(-0.30 – 0.11) 
0.79 
(0.58 – 0.99) 
0.07 
(-0.13 – 0.27) 
Normalised difference 
vegetation index b 
0.10 
(-0.15 – 0.36) 
0.046 
(-0.30 – 0.43) 
0.24 
(-0.26 – 0.76) 
Temperature b -0.16 (-0.39 – 0.08) 
-0.19 
(-0.51 – 0.15) 
-0.16 
(-0.53 – 0.22) 
Intercept -1.93 (-2.23 – -1.65) 
-1.98 
(-2.46 – -1.55) 
-1.97 
(-2.54 – -1.48) 
Phi c 47.96 (4.66 – 97.51) 
10.69 
(2.53 – 59.88) 
10.04 
(2.40 – 60.54)  
Tau, precision 1.11 (0.70 – 1.65) 
0.60 
(0.36 – 0.90) 
0.35 
(0.21 – 0.51) 
Note: a BCI= Bayesian Credible Interval (The posterior distributions are summarised by the posterior mean 
and 95% BCI. A variable was considered as influencing the outcome if it excluded 0); b Variables were 
standardised to have mean of 0 and standard deviation of 1; c Rate of decay of spatial autocorrelation, 
measured in decimal degrees and 3/phi determines the cluster size. One decimal degree is approximately 111 
km at the Equator (the size of the radii of the clusters). 
 
Table 6-3 Spatial effects for the prevalence of mono- and coinfections, in Mindanao 
Coefficient 
A. lumbricoides mono 
Mean (95% BCI) a 
T. trichiura mono 
Mean (95% BCI) a 
Coinfection 
Mean (95% BCI) a 
Female vs male 0.11 (0.02 – 0.19) 
0.12 
(0.01 – 0.23) 
0.19 
(0.07 – 0.32) 
Age 5 – 19 years old 
vs <5 years old 
0.24 
(0.11 – 0.38) 
1.39 
(1.16 – 1.63) 
1.39 
(1.20 – 1.59) 
Age ≥20 years old 
vs <5 years old 
-0.43 
(-0.57 – -0.29) 
0.92 
(0.70 – 1.16) 
0.30 
(0.10 – 0.51) 
Normalised difference 
vegetation index b 
-0.01 
(-0.21 – 0.19) 
-0.23 
(-0.53 – 0.06) 
-0.52 
(-0.86 – -0.15) 
Intercept  -1.87 (-2.08 – -1.65) 
-4.88 
(-5.27 – -4.38) 
-3.57 
(-3.97 – -3.19) 
Phi c 65.9 (23.67 – 98.44) 
0.10 
(0.10 – 0.12) 
50.6 
(13.35 – 96.77) 
Tau, precision 1.23 (0.88 – 1.65) 
0.01 
(0.01 – 0.02) 
0.39 
(0.27 – 0.53) 
Note: a BCI= Bayesian Credible Interval (The posterior distributions are summarised by the posterior mean 
and 95% BCI. A variable was considered as influencing the outcome if it excluded 0); b Variables were 
standardised to have mean of 0, and standard deviation of 1; c Rate of decay of spatial autocorrelation, 
measured in decimal degrees and 3/phi determines the cluster size. One decimal degree is approximately 111 
km at the Equator (the size of the radii of the clusters). 
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Table 6-4 Spatial effects for the prevalence of infection intensity classes, in Mindanao 
Coefficient 
A. lumbricoides 
Light intensity 
(95% BCI) a 
A. lumbricoides 
Moderate/high 
intensity 
(95% BCI) a 
T. trichiura 
Light intensity 
(95% BCI) a 
T. trichiura 
Moderate/high 
intensity 
(95% BCI) a 
Female vs male 0.16 (0.05 – 0.27) 
0.38 
(0.20 – 0.57) 
0.12 
(0.02 – 0.22) 
0.49 
(0.15 – 0.86) 
Age 5 – 19 years old 
vs <5 years old 
0.72 
(0.51 – 0.91) 
1.11 
(0.85 – 1.37) 
1.26 
(1.05 – 1.47) 
3.17 
(2.43 – 3.93) 
Age ≥20 years old 
vs <5 years old 
0.18 
(-0.02 – 0.37) 
0.06 
(-0.22 – 0.35) 
0.77 
(0.57 – 0.99) 
2.16 
(1.34 – 2.98) 
Distance to perennial 
water bodies b 
-0.71 
(-1.19 – -0.03) 
0.43 
(-0.37 – 1.4) N/A N/A 
Rain b 0.42 (-0.45 – 1.05) 
0.15 
(-0.69 – 1.05) N/A N/A 
Normalised difference 
vegetation index b N/A N/A 
0.18 
(-0.18 – 0.57) 
-0.36 
(-0.87 – 0.16) 
Intercept  -5.38 (-6.12 – -4.33) 
-6.36 
(-6.92 – -5.71) 
-4.19 
(-4.53 – -3.76) 
-6.98 
(-7.75 – -6.02) 
Phi c 4.80 (1.89 – 10.55) 4.52 (1.56 – 9.63) 
4.52 
(1.69 – 8.88) 
20.38 
(1.14 – 86.09) 
Tau, precision 0.10 (0.05 – 0.17) 
0.13 
(0.05 – 0.23) 
0.23 
(0.11 – 0.38) 
0.72 
(0.21 – 1.61) 
Note: a BCI= Bayesian Credible Interval (The posterior distributions are summarised by the posterior mean 
and 95% BCI. A variable was considered as influencing the outcome if it excluded 0); b Variables were 
standardised to have mean of 0 and standard deviation of 1; c Rate of decay of spatial autocorrelation, 
measured in decimal degrees and 3/phi determines the cluster size. One decimal degree is approximately 111 
km at the Equator (the size of the radii of the clusters). 
Similarly, the school-aged population (ages 5 – 19 years) had a significantly higher risk of 
A. lumbricoides monoinfection, T. trichiura monoinfection and A. lumbricoides and T. trichiura 
coinfections compared to children aged under 5 years in Luzon, the Visayas, and Mindanao (Table 
6-2 and Table 6-3). This was also evident in each infection intensity class for both A. lumbricoides 
and T. trichiura infections (Table 6-4). NDVI was significantly and negatively associated with the 
prevalence of A. lumbricoides and T. trichiura coinfections in Mindanao (Table 6-3). DPWB was 
significantly and negatively associated with the prevalence of the light infection intensity class for 
A. lumbricoides infection in Mindanao (Table 6-4). 
Semivariograms of model residuals for A. lumbricoides monoinfection, T. trichiura 
monoinfection, and coinfections demonstrated spatial autocorrelation in Luzon, the Visayas, and 
Mindanao (See Figure B-1). By contrast, semivariograms of the model residuals demonstrated 
spatial autocorrelation in Mindanao for all infection intensity classes, except for the prevalence of 
T. trichiura light infection intensity, which indicated no residual spatial autocorrelation (See Figure 
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B-2). A detailed summary of parameters of semivariograms for prevalence of mono- and 
coinfections, and infection intensity classes is provided in Appendix B.1, Table B-3, and Table B-4. 
6.4.3 Spatial prediction maps 
Predicted prevalence of A. lumbricoides monoinfection was mostly 10 – 20% across all regions of 
the Philippines, with the highest predicted prevalence observed in the north-eastern part of Luzon 
(>40%; Figure 6-1). The predicted prevalence of T. trichiura monoinfection was mostly 20 – 30% 
across Luzon and the Visayas and south-eastern part of Mindanao, with the highest predicted 
prevalence observed in north-west Visayas (>40%; Figure 6-1). Predicted prevalence of 
A. lumbricoides and T. trichiura coinfections showed a wide distribution across the Philippines, 
with the highest predicted prevalence observed in the south-eastern tip of Luzon, the eastern 
division of the Visayas, the northern and south-eastern divisions of Mindanao, the northeast island 
province (Sulu), and the southernmost island province (Tawi-Tawi), located in the Autonomous 
Region in Muslim Mindanao (>50%; Figure 6-1). 
In Mindanao, predicted prevalence of light infection intensity classes for A. lumbricoides 
and T. trichiura were predominantly 10 – 20%, with the highest predicted prevalence of 
A. lumbricoides moderate/high infection intensity observed in the south-eastern part of Mindanao: 
Davao Oriental and Compostela Valley provinces (>30%; Figure 6-2). Similarly, the highest 
predicted prevalence of T. trichiura moderate/high infection was observed in Davao Oriental and 
Compostela Valley provinces (>20%; Figure 6-3). 
Predicted prevalence corresponded well with the observed values (See Figure B-3 to Figure 
B-7). Predicted standard deviation (SD) of prevalence of A. lumbricoides monoinfection, 
T. trichiura monoinfection, coinfections, and infection intensity classes are available in Figure B-8 
to Figure B-10.
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Figure 6-1 Predicted prevalences of (A) A. lumbricoides mono-, (B) T. trichiura mono-, and (C) coinfections in school-aged individuals 
 
Note: the overall mean predicted prevalences are specific to the age and sex group (choice of a different age-sex group would result in a different spatial mean), with 
spatial variation around the mean being influenced by the environmental variables and the spatial correlation component of the model.  
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(A) 
 
(B) 
 
Figure 6-2 Predicted prevalences of (A) light infection intensity class and (B) moderate/high infection intensity classes of A. lumbricoides in school-aged individuals 
in Mindanao  
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(A) 
 
(B) 
 
Figure 6-3 Predicted prevalences of (A) light infection intensity class and (B) moderate/high infection intensity classes of T. trichiura in school-aged individuals in 
Mindanao 
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6.4.3.1 Model validation 
The A. lumbricoides and T. trichiura coinfections model for Mindanao performed satisfactorily 
(reasonable discriminative ability) for two of the following infection outcomes: A. lumbricoides 
monoinfection (AUC=0.78 for Mindanao), T. trichiura monoinfection (AUC=0.70 for Mindanao). 
Discriminatory ability of the coinfection model for A. lumbricoides and T. trichiura coinfections 
was just below the threshold (0.69 for Mindanao and 0.68 for Luzon); however, the 95% confidence 
interval included values of reasonable to good discriminatory ability. Discriminatory ability of 
A. lumbricoides monoinfection, and T. trichiura monoinfection for Luzon and the Visayas 
performed poorly with AUC values below 0.70. Discriminatory ability of the infection intensity 
class models for A. lumbricoides and T. trichiura in Mindanao were poor to reasonable (AUC range 
0.52 – 0.75) (Table B-5). 
6.4.3.2 Predicted total number of school-aged individuals with monoinfection, coinfection 
and infection intensity classes 
Areas within and around the capital Manila in Luzon had the highest number of school-aged 
individuals with A. lumbricoides monoinfection (Figure B-11) with some areas exceeding 45 
persons per square kilometre. In the Visayas and Mindanao the geographical distribution of the 
predicted number of school-aged individuals with A. lumbricoides monoinfection was more 
localised compared to Luzon with some areas exceeding 15 persons per square kilometre. Similarly, 
the number of school-aged individuals predicted with T. trichiura monoinfection (Figure B-12) was 
distributed widely in the capital Manila in Luzon (some areas with more than 26 persons per square 
kilometre), while the Visayas and Mindanao had small localised areas with more than 23 persons 
per square kilometre predicted infected. 
In addition, while in Mindanao the number of school-aged individuals with A. lumbricoides 
and T. trichiura coinfections (Figure B-13) was predicted to be higher (exceeding 80 person per 
square kilometre over a much localised area around the southernmost tip of Mindanao including 
Sarangani province and the northern Mindanao including Lanao Del Sur and Misamis Oriental 
provinces) than in Luzon and the Visayas (27 persons per square kilometre and 35 persons per 
square kilometre, respectively), the geographical distribution was more localised in Mindanao 
compared to Luzon and the Visayas. 
In Mindanao, my results showed that the number of school-aged individuals with light or 
moderate/high infection intensity classes for A. lumbricoides were predominantly localised in areas 
around the southern Mindanao and northern provinces including Surigao Del Norte and Zamboanga 
Del Norte (some areas with more than 25 persons per square kilometre) (Figure B-14). The number 
of school-aged individuals infected with light or moderate/high infection intensity classes for 
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T. trichiura were predicted to be areas around the southern Mindanao and around Lake Buluan near 
South Cotabato and Davao Del Sur, Maguindanao, Sultan Kudarat (some areas with more than 24 
persons per square kilometre) (Figure B-15). 
Based on my school-aged individuals density maps using the 1 km2 grid cells across the 
Philippines (See Figure B-11 to Figure B-15), my maps of the coinfections identified target 
provinces where the likelihood of STH-associated morbidity is at its highest, and that spatially 
targeted integrated helminth control interventions are most needed in Luzon (Bulacan, Benguet, 
Cavite, Sorsogon, Metropolitan Manila, Pampanga, and Rizal) and the central and western islands 
of the Visayas (Cebu, Iloilo, Leyte, and Negros Occidental). My maps of coinfections and maps of 
the number of school-aged individuals with moderate/high infection intensity classes identified 
target provinces in Mindanao including Agusan Del Norte, Davao Del Sur, Davao Oriental, Lanao 
Del Sur, Maguindanao, Misamis Occidental, Misamis Oriental, Sulu, Surigao Del Norte, 
Zamboanga Del Norte, Zamboanga Del Sur, and around Lake Buluan. 
For 2017, it was estimated that in the Philippines approximately 114,900, 125,200, and 
147,900 school-aged individuals are monoinfected with A. lumbricoides and T. trichiura, and 
coinfected with A. lumbricoides and T. trichiura, respectively. By region, Luzon had the highest 
estimated number of school-aged individuals with A. lumbricoides and T. trichiura coinfections 
(estimated total 89,400) followed by the Visayas, (estimated total 38,300) and Mindanao (estimated 
total 20,200) (Table 6-5). In Mindanao, approximately 8,300 and 6,600 school-aged individuals 
were estimated to be infected with moderate/high infection intensity of A. lumbricoides and 
T. trichiura infections, respectively in 2017. 
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Table 6-5 Predicted number of school-aged individuals with mono- and coinfection, in the Philippines, 2017 
Total 
Population 
for 2015 
(millions) a 
Annual 
Population 
Growth Rate 
for 2015 – 
2020 (%) b 
Total 
Population 
for 2017 
(millions) c 
Percentage of 
Individuals 
Aged 
5 – 19 years b 
Region 
Number of school-aged individuals with infection (thousands) d 
Mono- and Coinfections Infection intensity classes 
Mono-
Asc 
Mono-
Tric 
Co-
infection 
Light-
Asc 
Moderate/high-
Asc 
Light-
Tric 
Moderate/high-
Tric 
100.7 1.48 103.7 30.2 National 114.9 125.2 147.9 - - - - 
Luzon 68.5 75.7 89.4 - - - - 
The 
Visayas 22.4 32.7 38.3 - - - - 
Mindanao 24.0 16.8 20.2 15.4 8.3 18.5 6.6 
Abbreviations: Asc = A. lumbricoides, Tric = T. trichiura. 
Note: a Source: Alpha version 2015 estimates of numbers of people per square kilometre, with national totals adjusted to match UN population division estimates 
(http://esa.un.org/wpp/) and remaining unadjusted. SPATIAL RESOLUTION: 0.000833333 decimal degrees (approx. 100 m at the equator). PROJECTION: 
Geographic, WGS84. DATE OF PRODUCTION: November 2013(199, 298); b Source: The World Population Prospects 2015 Revision Population Database (200, 
201); c Estimated value based on the ArcGIS Map algebra raster calculator. The 2015 population raster map (the AsiaPop Project) was multiplied by the annual 
population growth rate for 2015 to 2020; d Estimated value based on the ArcGIS Map algebra raster calculator. The 2017 population raster map was multiplied by 
the proportion of the Filipino population aged 5 to 19 years to derive a map of the number of school-aged individuals aged 5 to 19 years in 2017 in each grid cell. I 
then multiplied the map of the total population aged 5 to 19 years by my prediction maps of the prevalence of A. lumbricoides monoinfection, T. trichiura 
monoinfection, and A. lumbricoides and T. trichiura coinfection, and the predicted prevalence of infection intensity classes in ArcGIS software (ESRI 2013. ArcGIS 
Desktop: Release 10. Redlands, CA: Environmental Systems Research Institute).
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6.5 Discussion 
My modelling approach analysed policy-relevant indicators of STH morbidity and allowed the 
estimation of the number of school-aged populations infected with STH infections in greatest need 
of benzimidazole treatment in the Philippines. In that regard, my study extends previous spatial 
epidemiological investigations in the Philippines (22) by predicting the spatial variation in the 
prevalence of STH coinfections and infection intensity classes in order to identify locations in the 
Philippines where STH-associated morbidity is at its highest. 
6.5.1 Individual-level determinants of prevalence of STH monoinfection and 
coinfections, and infection intensity classes 
In a recent study, the prevalence of A. lumbricoides and T. trichiura in the Philippines was 
estimated to be significantly higher in males compared to females (22). However, my results 
showed the reverse relationship for coinfections suggesting that females are more at risk of 
coinfections in Luzon, the Visayas, and Mindanao. Similarly, this was also the case in each 
infection intensity class for A. lumbricoides and T. trichiura infections. Evidence indicates that the 
pattern of infections in females is different from that of males due to a number of interacting factors 
including immunity to infection, response to treatment, and differing levels of exposure related to 
behaviour and occupational differences (299). For example, higher prevalence of helminth 
infections observed in female farmers was reported to be associated with household activities that 
involved access to open latrines and the manipulation of untreated human faeces in agricultural 
fields (300). Further research on the different transmission patterns between males and females is 
required to encourage the development of gender-sensitive helminth control intervention programs. 
Moreover, consistent with available evidence (26, 31), my results show that the school-aged 
population is at increased risk of T. trichiura monoinfection and coinfections compared to children 
under 5 years in Luzon, the Visayas, and Mindanao. This relationship between age and increased 
risk of infection was also evident in each infection intensity class for A. lumbricoides and 
T. trichiura infections. My finding on the school-aged population being at increased risk of 
T. trichiura monoinfection has implications for future studies to evaluate the type of treatment 
administered for school-aged children with T. trichiura infection. A recent study demonstrated that 
the most widely used cost-effective preventive chemotherapy with the two benzimidazoles 
(albendazole and mebendazole) has low to moderate efficacy against T. trichiura in high STH 
endemic countries (301). 
A recent experimental study showed that T. trichiura may play an important role in STH 
associated morbidity (1). Furthermore, emerging evidence show that oxantel pamoate may be the 
most suitable chemotherapy drug against T. trichiura infection compared to the most widely used 
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benzimidazoles (301, 302). A more recent clinical randomised controlled (dose-ranging) study in 
Tanzania showed good cure rates against T. trichiura infection in school-aged children (7 – 14 years 
old), with 15 – 30 mg/kg oxantel pamoate being the optimum dose range against this infection 
(303). To date, there are no clinical randomised trial studies investigating the efficacy of oxantel 
pamoate in children with T. trichiura infection in the Philippines. For this reason, I propose a future 
clinical randomised trial study be conducted to investigate the efficacy of oxantel pamoate against 
T. trichiura infection, and determine the adequate dose of oxantel pamoate to safely cure 
T. trichiura infection among school-aged children in the Philippines. Findings from future 
randomised control trial studies could propose an alternative solution to treat helminth infections in 
children in the Philippines. Nevertheless, my finding reaffirms the importance for implementing 
targeted helminth-associated morbidity control for the school-age group. 
6.5.2 The role of environment in the prevalence of monoinfection and coinfections, 
and STH infection intensity classes 
The environmental variables (rainfall, DPWB, LST, and NDVI) used in the spatial modelling were 
found to not adequately explain the spatial variation of A. lumbricoides and T. trichiura mono- and 
coinfections based on 95% BCI. While the relative focality of coinfections may be explained by 
exposure opportunities to contaminated environment (12), the results of this study suggest that 
proximal factors such as household-level socioeconomic status, occupational exposure, behaviour, 
and access to safe drinking water and to adequate sanitation facilities may be more important than 
natural environmental variables at explaining the spatial variation in the prevalence of STH 
coinfections in Luzon and the Visayas (24). 
In contrast, in the southernmost region of the Philippines (Mindanao), I found a strong 
signal in the environmental variables explaining the spatial variation in the prevalence of 
A. lumbricoides and T. trichiura coinfections and the A. lumbricoides light infection intensity class. 
My study found that the prevalence of A. lumbricoides and T. trichiura coinfections was 
significantly higher in areas of lower greenness (dry areas), which is consistent with the findings of 
the previous study (22). This could be due to a number of reasons. For example, in the past couple 
of decades Mindanao has experienced severe drought (280), which has led to water shortages 
limiting the access and utilisation of adequate sanitation facilities, contributing to open defecation 
and inadequate disposal of human waste (276, 304), which in turn is likely to result in a higher 
prevalence of STH infections (25). However, NDVI alone cannot fully explain the role of such 
environmental conditions in the prevalence of A. lumbricoides and T. trichiura coinfections. Other 
environmental variables such as type of soil, slope, and normalised difference water index (NDWI) 
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could be added to the spatial modelling to better understand the role of the environment in the 
prevalence of A. lumbricoides and T. trichiura mono- and coinfections and infection intensity. 
6.5.3 Populations most in need of interventions to reduce the risk of STH-associated 
morbidity 
My estimates indicated that for 2017, Luzon had the highest estimated number of school-aged 
individuals with A. lumbricoides and T. trichiura coinfections (estimated total of 89,400 people) 
followed by the Visayas, (estimated total of 38,300 people) and Mindanao (estimated total of 
20,200 people). However when these estimates were adjusted by population density maps (people 
per square kilometre) I found that areas in Mindanao had the highest density of school-aged 
individuals with A. lumbricoides and T. trichiura coinfections (82 people per square kilometre 
compared to 27 people per square kilometre in Luzon and 35 people per square kilometre in the 
Visayas). This suggests that spatially targeted integrated helminth control interventions in 
Mindanao may be effective in order to reduce STH-related morbidity. 
Maps of infection intensity classes for Mindanao indicated that the number of school-aged 
individuals predicted to be infected with light or moderate/high infection intensity classes for 
A. lumbricoides and T. trichiura were highest in areas around the northern provinces and the 
southern Mindanao (some areas with more than 24 persons per square kilometre). Together with the 
predicted number of coinfections these results suggest that areas of priority in Mindanao would 
include Agusan Del Norte, Davao Del Sur, Davao Oriental, Lanao Del Sur, Maguindanao, Misamis 
Occidental, Misamis Oriental, Sulu, Surigao Del Norte, Zamboanga Del Norte, Zamboanga Del 
Sur, and around Lake Buluan. 
In addition, spatial variability of the prevalence of coinfection across the Philippines is 
suggestive of differing impacts of anthropogenic and natural environmental factors. For instance, 
many suburbs around the capital city of Manila in Luzon are densely populated areas in the 
Philippines (except the Sorsogon province, which is known for fisheries), which means urbanization 
(including establishment of slums), overcrowding and sanitation could be influencing the 
prevalence of STH infections among school-aged populations in this region (36). However, 
provinces in the Visayas and Mindanao are mostly rural areas known for agriculture and fisheries, 
which means that school-aged populations in these areas may have more contact with the natural 
environment and agricultural work compared to those living in Luzon. 
6.5.4 Limitations 
The results of the study should be interpreted in the light of some limitations. First, my study used 
secondary data collected in 2005 to 2007 and may not fully reflect the current situation. However, 
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these data constitute the most up to date information on the prevalence of STH infections in the 
Philippines. The most recent studies only cover the prevalence of STH infections on a regional level 
(24, 56, 294, 296), but provide sufficient evidence to suggest that the national level of prevalence is 
still similar to that of the 2005 – 2007 survey. Therefore, I anticipate my survey data is still 
relevant. 
Secondly, parasite egg counts were based on a single sample, which limits the Kato-Katz 
test performance for detecting light infection intensities (27, 56). Therefore, the results reported in 
my study may have underestimated the prevalence of STH infections. The accuracy of estimates of 
the association between covariates and STH infection could be improved by adjusting for potential 
measurement error in eggs per gram of faeces (epg) counts. 
Thirdly, while this study was able to produce prediction maps of A. lumbricoides and 
T. trichiura coinfections for all three regions, I did not have enough information on infection 
intensity classes for the Visayas and Luzon. Further studies or surveys are suggested especially 
targeting the areas predicted to have the high prevalence of coinfections in the Visayas and Luzon. 
This approach would allow estimation of the number of school-aged populations with coinfections 
and high infection intensity who are at increased risk of severe morbidity, and are most in need of 
interventions. 
Fourthly, while the 95% confidence interval of validation statistics (AUC) included values 
of acceptable discriminatory ability for all models, discriminatory outcome of coinfections for 
Luzon and the Visayas, and Mindanao moderate/high infection intensity classes’ models were 
below the threshold. This may be due to my data on these infections being sparse for these regions 
and thus additional surveys would be required to improve the accuracy of my prediction models. 
Fifthly, proximal factors such as household-level socioeconomic status, occupational 
exposure, behaviour, and access to safe drinking water and sanitation facilities at the household-
level are also known to be important determinants of the prevalence of STH infections. 
Unfortunately, data on these factors were not available. This was however was captured by 
residuals, thus I am accounting for that by including spatial random effects in my models. 
6.6 Conclusions 
Overall, my study generated an important epidemiological resource, highlighting national priority 
areas for STH morbidity control in the Philippines. My findings can guide policy makers in the 
Philippines to design geographically targeted intervention programs to reduce STH-associated 
morbidity. This is particularly important in order for the Philippines to achieve the target of less 
than 20% prevalence of STH infections, and zero prevalence of moderate and high intensity STH 
infections recommended by the WHO to achieve morbidity control. 
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Chapter 7 Functional illiteracy burden in STH endemic regions of the 
Philippines: an ecological study and geographical 
prediction for 2017 
7.1 Context 
While previous observational studies in the Philippines indicated an association between STH 
infection and school-aged children’s cognitive development measured by Wide Range Assessment 
of Memory and Learning (WRAML), Philippine nonverbal intelligence test (PNIT) and school 
performance (155, 160, 161) the contribution of STH infections on the overall functional illiteracy 
burden in the Philippines is unknown. 
In Chapter 5 it was found that the prevalence of functional illiteracy could be explained by 
region-specific variation in demographic, household-level variables, and environmental conditions, 
some of which are also known to contribute to the endemicity of intestinal helminth infection such 
as STH. The spatial models of STH coinfection and intensity of infection classes generated in 
Chapter 6 indicated that children most at risk of STH-associated morbidity were located in Luzon 
(Bulacan, Benguet, Cavite, Sorsogon, Metropolitan Manila, Pampanga, and Rizal), the Visayas 
(Cebu, Iloilo, Leyte, and Negros Occidental), and in Mindanao (Agusan Del Norte, Davao Del Sur, 
Davao Oriental, Lanao Del Sur, Maguindanao, Misamis Oriental, Sulu, and Zamboanga Del Sur). 
Taken together the results reported in Chapter 5 and Chapter 6 suggest a geographical 
association between functional illiteracy and prevalence of Ascaris lumbricoides and Trichuris 
trichiura coinfections and moderate-high infection intensity classes. This knowledge is important 
since there is a need to find more sustainable approaches to helminth control. In this study, I sought 
to quantify for the first time the role of STH infections in driving the spatial distribution of 
functional illiteracy, using a novel spatial prediction framework. 
In this Chapter, I used functional literacy data collected in 2008 during the nationwide 
Functional Literacy, Education and Mass Media Survey (FLEMMS) (also described in Chapter 5) 
and predicated prevalence of STH infections (A. lumbricoides, T. trichiura, and hookworm), 
A. lumbricoides monoinfection, T. trichiura monoinfection, A. lumbricoides and T. trichiura 
coinfections, and intensity classes of A. lumbricoides and T. trichiura infections collected in 
2005 – 2007 National Schistosomiasis Survey. 
The impact of STH infections on the geographical distribution of functional illiteracy of 
school-aged children was controlled for data on individual-level sociodemographic indicators (e.g. 
age, sex, education attainment level, marital status, and employment status), and household-level 
factors such as socioeconomic status (SES), access to improved water supply, sanitation and 
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hygiene (WASH), household-education stimuli and cognitive stimulation, and spatial predicted 
values of P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) parasite rate in the 2 to 10 years in 2010 
from the Malaria Atlas Project. This study presents a novel use of geographical risk models of 
functional literacy adjusted for a wide array of probable confounders to uncover the role of STH 
infections in functional illiteracy. This study also explores how the application of spatial 
epidemiology in mapping functional illiteracy provides an evaluation-planning tool for the design 
and implementation of STH-associated morbidity control intervention strategies, estimating the 
number of school-aged children with functional illiteracy associated with STH infections, and the 
number of interventions needed in the Philippines. 
The findings reported in this Chapter are significant in two ways: a) I found significant 
spatial heterogeneity in the prevalence of functional literacy indicators within each region of the 
Philippines, reflecting variability in the determinants and the need for place-specific interventions; 
and b) I found significant geographical variation in burden of functional illiteracy in school-aged 
children which can be explained by STH infections. For instance, I estimated that a total of 4.20% 
of functional illiteracy burden among school-aged children in Mindanao could be averted by 
preventing T. trichiura infection. This Chapter demonstrates significant geographical variation in 
burden of functional illiteracy in school-aged children explained by STH infections suggesting that 
targeted helminth control could produce significant gains in the cognitive development of school-
aged children in the region of Mindanao in the Philippines. This Chapter forms a manuscript 
submitted to the journal PLOS Neglected Tropical Diseases and supporting technical information is 
presented in Appendix C. 
7.2 Introduction 
Functional literacy is one of the targets of the Sustainable Development Goals (SDGs) of the United 
Nations, launched in September 2015 (272). Functional literacy is a key indicator of cognitive 
function, especially information processing and comprehension, and it has been used to measure 
cognitive function in school-aged children (264). According to the latest United Nations 
Educational Scientific and Cultural Organization (UNESCO) report on literacy, there are globally 
114 million illiterate adolescents and youths (255). Despite widespread acknowledgement of this 
problem, between 2000 and 2015, global literacy rates were estimated to have improved by just 4%. 
Of particular relevance to the current work, progress in the Philippines to address national literacy 
rates has been similarly slow (259). 
Debate has recently intensified regarding the role of STH – Ascaris lumbricoides, Trichuris 
trichiura, and hookworms (Ancylostoma duodenale, A. ceylanicum and Necator americanus) – in 
childhood cognitive function, and by extension functional literacy (305). To date, relatively few 
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studies have investigated this link and evidence remains inconclusive, partly because differences in 
study designs and the use of cognitive development measurement tools makes it difficult to 
compare results of studies (267). It is likely that the effects of STH infections are subtle and highly 
sensitive to the stage of development and level of intensity of infection, and timing of infection in 
relation to developmental milestones of children. STH infections are among the most common 
infections in school-aged populations, and are particularly common in impoverished communities 
where the provision of water, sanitation, and hygiene education is limited (26). STH infections are 
estimated to incur 4.98 million years lived with disability (YLDs), related to anaemia, chronic 
nutritional imbalances, stunting, and cognitive and motor developmental delay (11). 
Possible mechanisms for the effect of STH on cognitive function in children may include the 
interaction between the host immune system and the species of STH, the direct effect of metabolites 
excreted during infection, anaemia, or inflammation, and through secondary effects such as 
malnutrition and micronutrient deficiencies (39). A recent experimental study demonstrated that 
T. trichiura infection might influence cognitive function of animals via perturbations in the gut-
immune-brain axis, although a definitive prospective human study has not been performed (306). It 
is likely that conditions compromising cognitive function cause significant implications for the 
individual, family, and society. The lifelong disadvantage associated with illiteracy are related to 
lower self-esteem, poorer education outcomes, higher rates of unemployment, and poor health. All 
of these factors can contribute to a perpetuation of the poverty cycle (307). 
STH infections remain endemic across the Philippines among both primary and secondary 
school children (22, 24, 54, 56). While previous studies in the Philippines indicated an effect of 
STH infection on children’s cognitive development, the contribution of STH infections on the 
overall functional illiteracy burden in the Philippines is unknown (154, 155, 161, 308). 
Processes that result in reduced functional literacy are complex and multifactorial. 
Compromised nutritional and family contextual factors such as poverty, unemployment, low 
maternal education, and household education stimuli have been linked consistently with cognitive 
function and educational performance of school-aged children (309, 310). In developing countries 
such as the Philippines where malnutrition commonly occurs, cognitive dysfunction could be 
caused by malnutrition in complex combinations with other factors including deprivation of 
environmental and emotional stimulation, biological factors, infections such as pneumonia, 
meningitis, STH and malaria (10). 
Predictive risk maps, together with geospatial modelling, are emerging as important decision 
tools for public health policy makers (136). However, to date there have been no studies looking at 
geographical variation in functional literacy and the role of its key determinants. 
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In this study, I aimed to quantify the role of STH infections in the spatial variation of 
functional literacy in school-aged children in the Philippines, adjusting for probable confounders. In 
doing so, I also aimed to develop the first prediction maps of each functional literacy indicator in 
order to quantify the number of school-aged children at risk of reduced functional literacy in the 
Philippines. 
7.3 Methods 
7.3.1 Study design and data collection 
I obtained population level data on functional literacy indicators (functional literacy, low and 
moderate functional literacy, and functional illiteracy) of 11,313 school-aged children (aged 10 – 19 
years) collected in 2008 during the nationwide Functional Literacy, Education and Mass Media 
Survey (FLEMMS). In brief, a total of 1,506 barangays (the smallest administrative unit in the 
Philippines: average diameter of 11 km) were included, 851 located in Luzon, 254 in the Visayas, 
and 401 in Mindanao (Figure 5-1). For the purpose of my analysis, school-aged children were 
defined as 10 to 19 years old (school-aged children and adolescents). This age range has been 
chosen since the age for enrolment into secondary school may vary (311). 
Functional literacy levels were stratified into four classifications – 1) those who cannot read, 
write, compute and comprehend were classified as having functional illiteracy; 2) those who can 
only read and write (with understanding a simple message) were considered as having low 
functional literacy; 3) those who can read, write and compute were considered as having moderate 
functional literacy; and 4) those who can read, write, compute and comprehend (with a significantly 
higher level of literacy that includes not only reading and writing skills but also numerical and 
comprehension skills) were considered as having functional literacy. Further detailed information 
on study design, sample size and sampling procedures of FLEMMS is described in Appendix C.1. 
A wide array of plausible contributing factors was obtained from the FLEMMS individual 
questionnaires and FLEMMS household questionnaires, including individual level 
sociodemographic indicators (e.g. age, sex, education attainment level, marital status, and 
employment status), and household level factors such as socioeconomic status (SES), access to 
improved water supply, sanitation and hygiene (WASH), household education stimuli and cognitive 
stimulation. Information regarding head of households such as adult functional literacy was 
measured for a total of 10,339 heads of households. I obtained data of spatial predicted values of 
P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) parasite rate for children 2 to 10 years of age from 
the Malaria Atlas Project (Figure C-2) (117). I used predictive maps of STH prevalence generated 
from spatial analysis of the data collected during the National Schistosomiasis Survey in the 
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Philippines in 2005 to 2007 (Figure 6-1 and Figure C-1) (22, 191, 297). Further information on each 
of the indicators are detailed in Appendix C.2. 
7.3.2 Spatial analysis 
7.3.2.1 Geo-referencing of data 
The unit of analysis was the barangay. Functional literacy survey data were linked to barangay 
centroids (geographical unit of analysis), which were estimated using the geographical information 
system (GIS) software Quantum GIS version 1.7.3 (269) based on a shapefile of the barangays of 
the Philippines, obtained from the geographic data warehouse DIVA GIS (www.diva-gis.org/Data) 
and PhilGIS (www.philgis.org). I extracted predicted values of STH infection profiles and malaria 
endemicity for each FLEMM survey location in ArcGIS version 10.4.0.5524 (198). 
7.3.2.2 Multinomial logistic regression models 
The prevalence of functional literacy levels was modelled by transforming the original 2008 
FLEMMS functional literacy levels into an ordinal variable with the following categories: 
functional illiteracy, low functional literacy, moderate functional literacy, and functional literacy 
(reference group). 
Five nested frequentist fixed-effects multinomial regression models (Table 7-1 to Table 7-3) 
were developed for Luzon, the Visayas and Mindanao separately: In Model 1, I included the 
sociodemographic, SES, WASH, and household education stimuli variables, in addition to predicted 
prevalence of P. vivax and P. falciparum. In Model 2, I included the variables in Model 1 plus 
predicted prevalence of A. lumbricoides. In Model 3, I included the variables in Model 2 plus 
predicted prevalence of T. trichiura. In Model 4, I included the variables in Model 3 plus predicted 
prevalence of hookworm. In Model 5, I included the variables in Model 1 and predicted prevalence 
of A. lumbricoides and T. trichiura monoinfection, and coinfections. STH coinfections with 
hookworms were not examined due to low prevalence. Further information on my multinomial 
logistic regression models, variable selection, collinearity, and interaction assessment are detailed in 
Appendices C.3 and C.4. 
For Luzon (Table 7-1) and the Visayas (Table 7-2), Model 3 fits the data best (lowest AIC), 
whereas for Mindanao (Table 7-3), Model 5 provided the best fit to the data. My preliminary 
analysis showed that the prevalence of T. trichiura monoinfection was positively and significantly 
associated with the prevalence of functional illiteracy in Mindanao, thus I also developed Model 6 
to include sociodemographic, SES, WASH, household education stimuli, predicted prevalence of 
P. vivax, P. falciparum, and T. trichiura infection intensity classes (Table 7-4). This was done to 
allow estimation of the effect size of infection intensity classes for T. trichiura for this region. 
 125 
 
Infection intensity classes were only tested for Mindanao region due to unavailability of maps of 
predicted prevalence of infection intensity classes for Luzon and the Visayas (Chapter 6). 
In all models, I reported ratio of relative risks (RRR) for each variable in the multinomial 
logistic regression adjusted for the range of candidate predictors. All analyses were conducted in 
STATA version 13.1 (270). 
  
126 
Table 7-1 List of covariates included in the models, Luzon (Prevalence) 
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No infection ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ 10,437.38 
Model 1 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 3,468.11 
Model 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 3,467.63 
Model 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ 3,460.24 
Model 4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ 3,464.34 
Model 5 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✓ 3,463.09 
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Table 7-2 List of covariates included in the models, the Visayas (Prevalence) 
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No infection ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ 3,517.26 
Model 1 ✓ ✓ ✓ ✓ N/A N/A ✗ ✗ ✗ ✗ 3,517.26 
Model 2 ✓ ✓ ✓ ✓ N/A N/A ✓ ✗ ✗ ✗ 3,515.42 
Model 3 ✓ ✓ ✓ ✓ N/A N/A ✓ ✓ ✗ ✗ 3,473.16 
Model 4 ✓ ✓ ✓ ✓ N/A N/A ✓ ✓ ✓ ✗ 3,511.25 
Model 5 ✓ ✓ ✓ ✓ N/A N/A ✗ ✗ ✗ ✓ 3,486.21 
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Table 7-3 List of covariates included in the models, Mindanao (Mono- and coinfection) 
M
od
el
s 
So
ci
od
em
og
ra
ph
ic
: a
ge
, s
ex
, e
du
ca
tio
n,
 
ad
ul
t l
ite
ra
cy
 ra
te
 
So
ci
oe
co
no
m
ic
 st
at
us
 
(S
ES
) 
W
at
er
 su
pp
ly
, s
an
ita
tio
n 
an
d 
hy
gi
en
e 
(W
A
SH
) 
H
ou
se
ho
ld
 e
du
ca
tio
n 
sti
m
ul
i 
Pr
ev
al
en
ce
 o
f P
fP
R 2
-1
0 
Pr
ev
al
en
ce
 o
f P
vP
R 2
-1
0 
Pr
ev
al
en
ce
 o
f A
. l
um
br
ic
oi
de
s 
Pr
ev
al
en
ce
 o
f T
. t
ric
hi
ur
a 
Pr
ev
al
en
ce
 o
f H
oo
kw
or
m
 
Pr
ev
al
en
ce
 o
f m
on
o-
 a
nd
 c
oi
nf
ec
tio
n 
of
 
A.
 lu
m
br
ic
oi
de
s a
nd
 T
. t
ric
hi
ur
a 
A
IC
 
No infection ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ 5,077.03 
Model 1 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 2,724.77 
Model 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 2,703.08 
Model 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ 2,708.38 
Model 4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ 2,701.12 
Model 5 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✓ 2,700.54 
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Table 7-4 List of covariates included in the models, Mindanao (Infection intensity classes) 
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No infection ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 5,077.03 
Model 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 2,688.53 
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7.3.2.3 Estimation of the Population Attributable Fraction (PAF) 
I calculated population attributable fractions (PAF) using standard formula to quantify the 
contribution of risk factors to functional illiteracy. I reported the PAF only for those predictor 
variables that were found positively and significantly associated with the prevalence of functional 
illiteracy in my multinomial logistic regression models. For instance, I estimated the PAF of 
functional illiteracy explained by P. vivax infection, and T. trichiura monoinfection, separately from 
Model 5. I used the following standard formula: 
𝑃𝑃𝑃𝑃𝑃𝑃1 = 𝑃𝑃1(𝑅𝑅𝑅𝑅𝑅𝑅1 − 1)𝑃𝑃1(𝑅𝑅𝑅𝑅𝑅𝑅1 − 1) + 1 
where 𝑃𝑃1 is the mean prevalence of one parasite in the 10 – 19 age group, and  is the 
prevalence-specific ratios of relative risks (RRR). 
7.3.2.4 Analysis of spatial dependence 
Residuals for final non-spatial models were extracted and examined for spatial autocorrelation by 
generating semivariograms using the geoR module for R, version 3.1.1 (The R foundation for 
statistical computing, Vienna, Austria, www.R-project.org). A semivariogram is a graphical 
representation of the spatial variation in a dataset. In the case of residual semivariograms, these 
represent the spatial variation left unexplained by the covariates included in a model. 
7.3.2.5 Spatial risk prediction 
Multinomial spatial models of functional literacy with a geostatistical random effect were built 
using OpenBUGS, version 3.2.3 (MRC Biostatistics Unit, Cambridge, and Imperial College 
London, UK) for each region of the Philippines. All models included an intercept, the selected 
infection variables based on the best-fitted model in my non-spatial models, and a geostatistical 
random effect. 
Model predictions were used to generate representative risk maps of the prevalence of 
moderate functional literacy, low functional literacy and functional illiteracy in school-aged 
individuals aged 10 to 19 years across the Philippines using ArcGIS version 10.4.0.5524 (198). 
Prediction was made at the nodes of a 0.05 × 0.05 decimal degree grid (approximately 5 km2). 
Predicted mean and standard deviation from the prediction models were extracted and mapped 
using inverse distance weighing (IDW) interpolation tools to generate my prediction map at the 
nodes of a 0.005 × 0.005 decimal degree grid (approximately 500 m2) in ArcGIS. Further 
information regarding model specification is provided in Appendix C.4. 
1RRR
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7.3.2.6 Prediction maps and standard deviation maps 
Predicted prevalence of functional illiteracy was categorised into 11 categories: <1%, 1 – 1. 9¯%, 
2 – 2. 9¯%, 3 – 3.9¯%, 4 – 4.9¯%, 5 – 5.9¯%, 6 – 6.9¯%, 7 – 7.9¯%, 8 – 8.9¯%, 9 – 9.9¯%, and ≥10%. 
Similarly, prediction uncertainty was defined by the standard deviation (SD) and was categorised 
into five categories: very low uncertainty (SD <0.010), low uncertainty (SD 0.010 – 0.029¯), low to 
moderate uncertainty (SD 0.030 – 0.049¯), moderate uncertainty (SD 0.050 – 0.09¯), and high 
uncertainty (SD ≥0.100). 
7.3.2.7 Model validation 
The area under the curve (AUC) of the receiver operating characteristic (ROC) was used to quantify 
the discriminatory performance of the model relative to observed mean prevalence threshold at 
validation locations. In the case of moderate functional literacy, I used a threshold of 20% for all 
regions; in the case of low functional literacy 5% for Luzon and Mindanao, and 7% for the Visayas; 
in the case of functional illiteracy 3% for Luzon, 7% for the Visayas, and 6% for Mindanao. An 
AUC of 0.50 – 0.69¯ was taken to indicate poor discriminative ability, 0.70 – 0.89¯ reasonable 
discriminative ability, and ≥0.90 good discriminatory ability (203). 
7.3.2.8 Estimation of the number of school-aged children in each functional literacy class in 
the Philippines in 2017 
To estimate the number of children with different levels of functional literacy across the Philippines 
in 2017, I multiplied each of the predictive raster maps of functional literacy indicators by a raster 
map of the estimated total number of school-aged children (people per square kilometre) in 2017, 
using the ArcGIS Map algebra raster calculator (198). Further information regarding estimation of 
the number of school-aged children belonging to each of the functional literacy indicators is 
provided in Appendix C.5. 
7.4 Results 
A total of 11,313 school-aged children and 10,339 heads of household with complete information 
were included in the analysis. Highest prevalence of functional illiteracy in school-aged children 
was observed in the Visayas followed by Mindanao and Luzon (7.5%, 6.9%, and 3%, respectively; 
Table 5-2). Similarly, the observed prevalence of functional illiteracy of heads of households was 
highest in the Visayas and Mindanao compared to Luzon (15%, 15%, and 6%, respectively; Table 
A-1). My findings suggest significant variability in household-level factors in each region of the 
Philippines. Full descriptive results of the dataset are presented in Table A-2, Table A-3, and Figure 
A-2. 
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7.4.1 Multinomial logistic regression 
While the relative importance of determinants of functional literacy varied between regions, some 
findings were consistent across all regions. In all three regions, highest education attainment 
completed, SES and adult functional illiteracy were positively and significantly associated with the 
prevalence of functional illiteracy (Table 7-5). In Luzon and Mindanao, being female was 
negatively and significantly associated with the prevalence of functional illiteracy compared to 
being male. 
Households that utilised natural water sources such as lakes, ponds and wells as their main 
source of drinking water at home were negatively and significantly associated with the prevalence 
of functional illiteracy in the Visayas. Additionally, households that used pit toilets or had no access 
to toilet facilities (i.e. bush and field) were positively and significantly associated with the 
prevalence of functional illiteracy in the Visayas. 
After accounting for the effects of other covariates my results on the role of STH and 
malaria infections indicated that in Luzon, prevalence of P. falciparum infection was negatively and 
significantly associated with prevalence of low functional literacy, and functional illiteracy (Table 
7-5). In the Visayas, none of the infections were found to be significantly associated with the 
prevalence of functional illiteracy (Table 7-5). In Mindanao, prevalence of T. trichiura 
monoinfection and P. vivax infection were positively and significantly associated with prevalence 
of functional illiteracy (Table 7-5). I also found that prevalence of T. trichiura moderate/high 
infection intensity class and the prevalence of P. vivax infection were positively and significantly 
associated with functional illiteracy (Table 7-6). 
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Table 7-5 List of predictors considered as influencing the prevalence of functional illiteracy in school-aged children in Luzon, the Visayas and Mindanao based on 
multinomial logistic regression models 
Predictors 
Luzon The Visayas Mindanao 
RRR a (95CI b) p-value RRR a (95CI b) p-value RRR a (95CI b) p-value 
Age in years (continuous) c 1.08 (0.85, 1.36) 0.55 
1.18 
(0.96, 1.46) 0.12 
0.99 
(0.72, 1.35) 0.95 
Female (versus Male) 0.44 (0.24, 0.79) 0.01** 
0.70 
(0.48, 1.02) 0.07 
0.50 
(0.28, 0.88) 0.02* 
Below junior high school level (versus junior high school level 
completed) 
9.69 
(3.27, 28.75) *** 
10.69 
(5.25, 21.77) *** 
8.33 
(3.53, 19.69) *** 
Mean functional literacy levels of the heads of household 
(adult functional literacy) c 
2.16 
(1.48, 3.14) *** 
2.52 
(1.97, 3.21) *** 
3.43 
(2.27, 5.17) *** 
Low SES (versus high SES) d 1.97 (1.52, 2.56) *** 
1.98 
(1.24, 3.16) *** 
3.28 
(1.65, 6.54) *** 
Main sources of drinking water for members of household: 
Lake/pond/rain water/well (versus Piped into dwelling) 
0.88 
(0.48, 1.61) 0.67 
0.72 
(0.54, 0.94) 0.02* 
0.99 
(0.50, 1.95) 0.98 
Types of toilet facility at home: No toilet/bush/field/pit toilet 
(versus Flush toilet) 
1.08 
(0.50, 2.32) 0.85 
1.86 
(1.17, 2.93) 0.01* 
0.67 
(0.28, 1.58) 0.36 
Main material of floor of houses: Sand/bamboo/palm/wood 
floor (versus Cement) 
1.60 
(0.81, 3.14) 0.17 
0.83 
(0.71, 0.97) 0.02* 
1.64 
(0.77, 3.51) 0.20 
Main material of outer walls of houses: Bamboo/palm/wood 
walls (versus Aluminium)  
0.95 
(0.48, 1.90) 0.88 
0.70 
(0.45, 1.10) 0.12 
1.41 
(0.76, 2.63) 0.28 
Household education stimuli: Below the average total 
education stimuli scores (versus above the average total 
education stimuli scores) c 
0.99 
(0.76, 1.29) 0.94 
1.15 
(0.89, 1.48) 0.29 
1.11 
(0.73, 1.68) 0.63 
Prevalence of P. falciparum҂ 0.56 (0.33, 0.95) 0.03* N/A N/A 
0.75 
(0.54, 1.04) 0.08 
Prevalence of P. vivax c 1.29 (0.81, 2.05) 
0.28 N/A N/A 1.26 
(1.04, 1.52) 
0.02* 
 
Table continues onto the next page. 
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Predictors 
Luzon The Visayas Mindanao 
RRR a (95CI b) p-value RRR a (95CI b) p-value RRR a (95CI b) p-value 
Prevalence of A. lumbricoides c 1.10 (0.84, 1.46) 0.49 
0.92 
(0.71, 1.19) 0.51 - - 
Prevalence of T. trichiura c 1.58 (0.72, 3.46) 0.26 
0.88 
(0.43, 1.77) 0.71 - - 
Prevalence of A. lumbricoides monoinfection c - - - - 0.74 (0.44, 1.23) 0.24 
Prevalence of T. trichiura monoinfection c - - - - 1.40 (1.10, 1.78) 0.01* 
Prevalence of A. lumbricoides and T. trichiura coinfection c - - - - 0.73 (0.52, 1.03) 0.07 
Intercept 0.05 (0.02, 0.1) *** 
0.05 
(0.03, 0.08) *** 
0.04 
(0.02, 0.08) *** 
Note: Reference group = functional literacy; a RRR = ratios of relative risks; b 95CI = 95% confidence interval; c Variables were standardised to have mean of 0 and 
standard deviation of 1; d SES = socioeconomic status; * Statistically significant (p<0.05); ** Statistically significant (p<0.01); *** Statistically significant 
(p<0.001).  
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Table 7-6 List of predictors considered as influencing the prevalence of functional illiteracy in school-aged children in Mindanao based on multinomial logistic 
regression model for infection intensity classes for T. trichiura infection 
Predictors RRR a (95CI b) p-value 
Age in years (continuous) c 1.03 (0.80, 1.33) 0.80 
Female (versus Male) 0.48 (0.28, 0.83) 0.01* 
Below Junior high school level (versus junior high school level completed) 8.96 (4.03, 19.91) *** 
Mean functional literacy levels of the heads of household (adult functional literacy) c 3.80 (2.68, 5.40) *** 
Low SES (versus high SES) d 3.01 (1.58, 5.75) *** 
Main sources of drinking water: Lake/pond/rain water/well (versus piped into dwelling) 0.97 (0.49, 1.93) 0.93 
Types of toilet facility at home: No toilet/bush/field/pit toilet (versus Flush toilet) 0.58 (0.22, 1.51) 0.26 
Main material of floor of houses: Sand/bamboo/palm/wood floor (versus Cement) N/A N/A 
Main material of outer walls of houses: Bamboo/palm/wood walls (versus Aluminium)  0.97 (0.45, 2.11) 0.95 
Below the average total education stimuli scores (versus above the average total education stimuli scores) c 0.77 (0.59, 1.02) 0.07 
Prevalence of P. falciparum c 0.61 (0.43, 0.87) 0.01* 
Prevalence of P. vivax c 1.53 (1.06, 2.23) 0.03* 
Prevalence of low infection intensity class for T. trichiura infection c 0.93 (0.66, 1.32) 0.70 
Prevalence of moderate infection intensity class for T. trichiura infection c 1.82 (1.08, 3.09) 0.03* 
Intercept 0.04 (0.02, 0.1) *** 
Note: Reference group = functional literacy; a RRR = ratios of relative risks; b 95CI = 95% confidence interval; c Variables were standardised to have mean of 0 and 
standard deviation of 1; d SES = socioeconomic status; * Statistically significant (p<0.05); ** Statistically significant (p<0.01); *** Statistically significant (p<0.001)
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7.4.2 Spatial dependence in the prevalence of functional literacy 
Across all regions, I observed reduced propensity of clustering and larger cluster sizes after 
adjusting for the effect of covariates (Table 7-7). In Luzon, my results indicated residual spatial 
dependency in the prevalence of moderate and low functional literacy indicators. In the Visayas, 
after adjusting for the covariates, residual spatial dependency of functional illiteracy was no longer 
evident in the semivariograms (Figure C-3). In Mindanao, my results indicated residual spatial 
dependency in the prevalence of moderate functional literacy and functional illiteracy. 
7.4.3 Attributable risk of functional illiteracy 
The results showed that highest education attainment, low SES and adult functional illiteracy rates 
are major contributors to functional illiteracy across Luzon, the Visayas, and Mindanao. The PAF 
due to highest education attainment were 83.30% ([RRR], 9.69), 85.49% ([RRR], 10.69), and 
81.96% ([RRR], 8.33), respectively. The PAF due to low SES were 24.36% ([RRR], 1.97), 29.45% 
([RRR], 1.98), and 53.22% ([RRR], 3.28), respectively. The PAF due to adult functional illiteracy 
were 6.61% ([RRR], 2.16), 18.57% ([RRR], 2.53), and 26.71% ([RRR], 3.43), respectively. My 
results indicated that the estimated risk of functional illiteracy attributable to poor sanitation 
facilities in the Visayas is 13.21% ([RRR], 1.86). My results indicated that the estimated risk of 
functional illiteracy attributable to P. vivax infection, T. trichiura monoinfection, and moderate/high 
infection intensity class for T. trichiura in Mindanao were 0.53% ([RRR], 1.26), 4.20% ([RRR], 
1.40), and 3.96% ([RRR], 1.82), respectively. 
7.4.4 Spatial prediction maps 
My predictive maps indicate that moderate functional literacy is widely distributed across the 
Philippines (prevalence predominantly 33 – 33.5%) (Figure C-4: Panel A). My results also indicate 
that the predicted prevalence of low functional literacy lies predominantly 32 – 34% in most parts 
of Luzon and western and the central part of the Visayas and western Mindanao, with the highest 
rates of low functional literacy observed in the central to western Mindanao (prevalence of 40% and 
higher) (Figure C-4: Panel B). My predictive maps also demonstrate that the prevalence of 
functional illiteracy ranges between 1% and 3%, with the highest rates predicted in localised areas 
of the eastern region of the Visayas (Eastern Samar), and the centre (Davao Del Norte province) 
and the southwestern tip of Mindanao (Davao Occidental province) (up to 10.5%) (Figure 7-1: 
Panel A). The SD predictive maps indicated moderate to high uncertainty around areas of high-
predicted prevalence of functional illiteracy (Figure 7-1: Panel B). 
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Table 7-7 Results of semivariograms for prevalence of functional illiteracy (Adjusted for infection data) 
Functional illiteracy Observed data Model 1 Model 2 Model 3 Model 4 Model 5 
Luzon       
Partial sill 0.0035 0.0013 0.0012 0.0013 0.0013 0.0010 
Nugget 0.002 0.0003 0.0002 0.0005 0.0005 0.0004 
Practical range (km) a 0.0120 (1.33) 0.3042 (33.46) 0.1505 (16.55) 0.2401 (26.41) 0.2401 (26.41) 0.3013 (33.15) 
% of the variance due to cluster b 63.62 81.37 83.92 71.43 71.43 71.51 
The Visayas       
Partial sill 0.0096 N/A 0.0117 0.0128 0.0134 0.0116 
Nugget 0.0034 N/A 0.0061 0.0054 0.0067 0.0060 
Practical range (km) a 0.2770 (30.74) N/A 1.4738 (162.12) 1.4542 (159.96) 1.4165 (155.81) 1.8647 (205.11) 
% of the variance due to cluster b 73.83 N/A 65.79 70.36 66.66 65.89 
Mindanao       
Partial sill 0.0115 0.0111 0.0114 0.0122 0.0122 0.0113 
Nugget 0.0126 0.0030 0.0031 0.0023 0.0024 0.0036 
Practical range (km) a 0.2290 (25.42) 0.3950 (43.45) 0.4019 (44.21) 0.3959 (43.55) 0.4005 (44.05) 0.4241 (46.65) 
% of the variance due to cluster b 47.66 78.53 78.88 84.27 83.84 75.80 
Note: a Calculation based on practical range multiplied by 111, 1 decimal degree = 111 km, 0.1=11 km, 0.01=1 km, 0.05=5 km, 0.005=500 m; b Calculation based on 
partial sill divided by sill (partial sill and nugget), multiplied by 100.  
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Figure 7-1 Maps of (A) predicted prevalence of functional illiteracy and (B) standard deviation of predicted prevalence 
 
Note: Results based on Model 3 for Luzon and the Visayas and based on Model 5 for Mindanao.
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7.4.5 Model validation 
Models performed satisfactorily for the following outcomes: Functional illiteracy (AUC=0.75 for 
Luzon, 0.75 for the Visayas, and 0.71 for Mindanao), low functional literacy (AUC=0.70 for Luzon 
and 0.74 for the Visayas), and moderate functional literacy (AUC=0.74 for Luzon, 0.72 for the 
Visayas, and 0.82 for Mindanao). Discriminatory ability of low functional literacy for Mindanao 
performed poorly with AUC values below 0.70, however the 95% confidence interval included 
values of reasonable discriminatory ability (Table 7-8). 
Table 7-8 Area under the ROC curve 
Region/ model Threshold 
Area under 
the ROC 
curve a 
Standard error 
95% 
confidence 
interval 
Luzon         
Moderate Functional literacy 20% 0.74 0.09 0.55, 0.92 
Low Functional literacy 5% 0.70 0.07 0.57, 0.87 
Functional illiteracy 3% 0.75 0.06 0.63, 0.88 
The Visayas         
Moderate Functional literacy 20% 0.72 0.07 0.59, 0.85 
Low Functional literacy 7% 0.74 0.07 0.59, 0.89 
Functional illiteracy 7% 0.75 0.08 0.60, 0.90 
Mindanao         
Moderate Functional literacy 20% 0.82 0.09 0.65, 0.98 
Low Functional literacy 5% 0.66 0.07 0.52, 0.79 
Functional illiteracy 6% 0.71 0.14 0.51, 0.90 
Note: a ROC (Receiver Operating Characteristic) was used to determine discriminatory performance of the 
model predictions relative to observed mean prevalence of functional literacy as the cut-off value to 
determine discriminatory performance of the model predictions. An Area under the ROC curve of 
0.50 – 0.69¯ indicates a poor discriminative capacity, 0.70 – 0.89¯ indicates a reasonable capacity, and ≥0.90 
indicates a very good predictive performance. 
7.4.6 Predicted total number of school-aged individuals with moderate functional 
literacy, low functional literacy and functional illiteracy 
For 2017, it was estimated that in the Philippines approximately 214,302, 214,594, and 4,947 
school-aged individuals had moderate functional literacy, low functional literacy, and functional 
illiteracy, respectively. By region, Luzon had the highest estimated number of school-aged 
individuals with functional illiteracy (estimated total 2,185) followed by Mindanao (estimated total 
1,550) and the Visayas (estimated total 1,212) (Table 7-9). 
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Table 7-9 Predicted number of school-aged children with each of the functional literacy category in the 
Philippines in 2017 
Total 
population 
for 2015 (in 
Millions) a 
Annual 
population 
growth rate 
for 
2015 – 2020 
(Percent) b 
Individuals 
aged 
10 – 19 years 
(Percent) b 
Number of individuals aged 10 – 19 years c 
Functional 
Literacy 
Category 
Regions 
Luzon 
The 
Visayas 
Mindanao 
100.7 1.48 19.7 Moderate 
functional 
literacy 
127,177 44,658 42,467 
Low 
functional 
literacy 
127,326 44,884 42,384 
Functional 
illiteracy 2,185 1,212 1,550 
Note: The forecast for 2017 is based on a constant trend in the prevalence of selected functional literacy 
profiles. a Source: Alpha version 2015 estimates of numbers of people per grid square, with national totals 
adjusted to match UN population division estimates (http://esa.un.org/wpp/) and remaining unadjusted. 
SPATIAL RESOLUTION: 0.000833333 decimal degrees (approx. 100 m at the equator). PROJECTION: 
Geographic, WGS84. DATE OF PRODUCTION: November 2013 (199, 298); b Source: The World 
Population Prospects 2015 Revision Population Database (200, 201); c Estimated value based on the ArcGIS 
Map algebra raster calculator. 2017 population raster map was multiplied by the proportion of the Filipino 
population aged 10 to 19 years to derive a raster map of the number of school-aged individuals aged 10 to 19 
years in 2017 (people per square kilometre). I then multiplied this raster map of the total population aged 10 
to 19 years by my prediction maps of the prevalence of each of the categories of functional literacy (i.e. 
moderate functional literacy, low functional literacy, and functional illiteracy), adjusted for selected 
covariates in models in ArcGIS software (ESRI 2013. ArcGIS Desktop: Release 10. Redlands, CA: 
Environmental Systems Research Institute). 
Areas within and around the National Capital Region in Luzon (including municipalities 
approximately 35 km away North and South, and 27 km East of the capital Manila) had the highest 
number of school-aged individuals with functional illiteracy (Figure 7-2). Similarly, the highest 
number of school-aged individuals with moderate functional literacy (Figure C-5) or low functional 
literacy (Figure 7-4) was circumscribed to areas around metropolitan Manila, with some areas 
exceeding 63 people per square kilometre. 
In the Visayas (Figure 7-2) and Mindanao (Figure 7-2 and Figure 7-3), the predicted number 
of school-aged individuals with functional illiteracy was widely distributed in a number of 
provinces. My results showed that the number of school-aged individuals with moderate functional 
literacy (Figure C-5) or low functional literacy (Figure 7-4) were predominantly localised in the 
 141 
 
western region of the Visayas (some areas with more than 24 persons per square kilometre). In 
Mindanao, the numbers of school-aged individuals with moderate functional literacy (Figure C-5 
and Figure C-6) or low functional literacy (Figure 7-4 and Figure 7-5) were predicted to be areas in 
the central and southern parts of Mindanao with some areas exceeding 50 people per square 
kilometre. 
Names of provinces and municipalities with the poorest functional literacy indicators based 
on my analyses are provided in Table 7-10.
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Figure 7-2 Maps showing the total number of school-aged individuals with functional illiteracy, 2017 
 
Note: Results based on Model 3 for (A) Luzon and (B) the Visayas and based on Model 5 for (C) Mindanao. 
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Figure 7-3 Map showing a total number of school-aged individuals with functional illiteracy, 2017, Mindanao, based on Model 6 
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Figure 7-4 Maps showing a total number of school-aged individuals with low functional literacy, 2017 
 
Note: Results based on Model 3 for (A) Luzon and (B) the Visayas and based on Model 5 for (C) Mindanao. 
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Figure 7-5 Map showing a total number of school-aged individuals with low functional literacy, 2017, Mindanao, based on Model 6 
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Table 7-10 Provinces and municipalities identified with the highest number of school-aged individuals with low levels of functional literacy 
 
Regions Luzon The Visayas Mindanao 
Provinces 
(Municipalities) 
The National Capital Region of the 
Philippines (Kalookan city, Malabon Manila, 
San Juan, Mandaluyong, and Valenzuela), 
Cavite (Dasmarinas, Bacoor), Laguna (San 
Pedro), Albay (Legazpi and Tabaco), 
Catanduanes (Virac), Sorsogon (Sorsogon), 
Camarines Sur (Naga), Camarines Norte 
(Daet), Benguet (Baguio), La Union (Agoo), 
Pangasinan (Dagupan), Tarlac (Tarlac), 
Nueva Ecija (Cabanatuan), Pampanga 
(Angeles, San Fernando, Mabalacat, Santo 
Tomas, and Macabebe), Zambales 
(Olongapo), Bataan (Dinalupihan, Orani, 
Samal, Balanga, and Limay), Bulacan 
(Calumpit, Hagonoy, Paombong, Pulilan, 
Baliuag, Plaridel, Malolos, Guiguinto, 
Balagtas, Bocaue, Marilao, San Jose Del 
Monte, and Meycauayan). 
Eastern Samar (Borongan, San Julian, 
Sulat, and Dolores, Oras), Northern 
Samar (Catarman), Bohol 
(Tagbilaran), Cebu (Cordoba, Lapu-
Lapu, Cebu, Mandaue, Consolacion, 
Talisay, Minglanilla, Bogo), Leyte 
(Isabel, Palompon, Bato, and Ormoc 
city), Southern Leyte (Maasin), 
Negros Occidental (Bacolod, 
Victorias), Negros Oriental 
(Dumaguete), Antique (San Jose), 
Iloilo (Iloilo city, Leganes, Pavia, 
Pototan, Santa Barbara, Oton, 
Estancia, Balasan, and Carles), Capiz 
(Roxas), Aklan (Kalibo). 
Davao Oriental (Bagana, Caraga, Governor 
Generoso, Manay, and Mati), Davao Del Norte 
(Talaingod and Santo Tomas), Davao 
Occidental (Malita, Don Marcelino, Jose Abad 
Santos, and Sarangani island), Lanao Del Sur 
(Marawi, Piagapo, Taraka, and Tamparan), 
Maguindanao (Cotabato), Misamis Oriental 
(Cagayan De Oro, Tagoloan, Plaridel, 
Oroquieta, Jimenez, and Ozamis), Sarangani 
(Alabel, Glan, Malapatan, Malungon, Kiamba, 
and Maasim), South Cotabato (General Santos, 
T’ Boli, and Lake Sebu), Tawi-Tawi island 
which is an island province located in the 
Autonomous Region in Muslim Mindanao 
(Mapun), Zamboanga Del Sur (Molave, 
Pagadian, and Zamboanga), Zamboanga Del 
Norte (Dapital and Dipolog), and Zamboanga 
Sibugay (Ipil).  
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7.5 Discussion 
Overall, my findings suggest significant spatial heterogeneity in the prevalence of functional 
literacy indicators within each region of the Philippines, reflecting variability in the determinants 
and the need for location-specific interventions. 
7.5.1 The role of individual and household level factors in functional literacy 
My findings are consistent with previous studies, indicating that multiple factors exert a negative 
impact on functional literacy in school-aged children. Evidence suggests a possible link 
(behavioural and neurobiological) between low SES and functioning of different domains of 
neurocognitive systems including children’s performance on language and literacy skills (10, 281). 
This relationship is mediated by different mechanisms such as parenting behaviour, linguistic 
stimulation, and children’s experience of stress (10). The observed association could also be 
explained by the effect of malnutrition in the poorest areas of the Philippines (284). 
I found that the determinants of functional literacy are region-specific. For example, in 
Luzon and Mindanao, my results indicate that female school-aged children are at less risk of 
functional illiteracy compared to males, suggesting that girls may be less exposed to factors that 
affect their cognitive development compared to boys. The gender difference identified in my study 
could also be partly explained by integrated helminth control programs, which provide more 
attention to female adolescents (20), and the fact that boys are often involved with agricultural 
activities in resource-limited areas, limiting their participation in schooling or academic learning as 
agriculture in the Philippines has been dominated by men (280). 
In contrast, my results for the Visayas showed that higher prevalence of functional illiteracy 
was associated with households with poor sanitation facilities. School-aged children who lived in 
socioeconomically deprived environments face multiple challenges such as non-utilisation of 
sanitary facilities, open defecation, and limited education services (287). Previous studies have 
demonstrated that open defecation, a practice highly prevalent in the Visayas (24), is associated 
with high prevalence of STH infections (25). Deficient sanitation promotes not only the 
transmission of STH infections, but also water-borne infections and diarrhoea, and the associated 
risks of malabsorption, malnutrition, and iron-deficiency anaemia which could aggravate cognitive 
dysfunction (120, 312). 
My results also showed that the utilisation of unprotected water sources such as wells and 
lakes as main sources of drinking water at home is negatively associated with the prevalence of 
functional illiteracy in the Visayas. My findings may be confounded by the fact that unprotected 
drinking water sources are more likely to be present in agricultural communities (275). Previous 
studies, which investigated the prevalence of lead poisoning among 2,861 children aged between 
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6 months and 5 years old in 11 provinces in the Visayas, found that 21% of children living in rural 
areas of the Philippines had high levels of lead in their blood, with the highest mean blood lead 
level found among children living in Leyte (253, 277), where a large number of farming, fishing, 
and mining communities exist (286). The effect of unprotected drinking water sources on the 
prevalence of functional illiteracy in this area may be underestimated due to unaccounted 
confounding factors in my model such as exposure to environmental neurotoxicants that are also 
known contributors to cognitive dysfunction (282). Further investigation is needed to examine the 
factors mediating the relation between access to water sources and the prevalence of functional 
illiteracy identified in this study. 
7.5.2 The role of STH infections in functional literacy in the Philippines 
The risk of STH-associated morbidity including growth and cognition impairments depends on the 
intensity of STH infection and the species of STH (313). This study demonstrated significant 
geographical variation in the burden of functional illiteracy in school-aged children explained by 
T. trichiura infection (i.e. the prevalence of T. trichiura monoinfection, and the prevalence of 
moderate/high infection intensity class for T. trichiura infections). Indeed, my findings demonstrate 
that a total of 4.20% of the risk of functional illiteracy among school-aged children in Mindanao 
could be averted by preventing T. trichiura infection. 
These results could be explained by the pathophysiological impact of T. trichiura infection, 
including chronic diarrhoea and dysentery (resulting from mucosal lesions), malnutrition and iron-
deficiency anaemia (314), all of which are associated with impaired cognitive function and growth 
retardation (105, 313). Furthermore, a recent experimental study demonstrated that T. trichiura 
contributes to pathological changes in the hippocampus and amygdala (306). Existing preventive 
chemotherapy shows low to moderate efficacy against T. trichiura in high endemic countries (303). 
This finding suggests that new solutions such as alternative treatment (e.g. oxantel pamoate) are 
needed to eliminate STH-associated morbidity. 
7.5.3 The need for a targeted approach for functional literacy interventions 
My results show that large areas in the Philippines still lag in meeting functional literacy targets. 
My estimates indicated that for 2017, Luzon had the highest estimated number of school-aged 
individuals with low levels of functional literacy (estimated total 256,688; of those approximately 
2,185 are functionally illiterate). However, when these estimates were adjusted by the geographical 
variation in population density (i.e. number of people per square kilometre) I found that areas in 
Mindanao had the highest density of school-aged individuals with functional illiteracy. 
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Geographically targeted functional literacy interventions should thus be prioritised in at-risk 
areas identified in each region. These interventions should consider the region-specific determinants 
highlighted above. For example, in Luzon, the gender difference in the prevalence of reduced 
functional literacy identified in my study suggests that the current integrated helminth control 
program, which recently expanded its target age group from 1 – 12 years old to individuals 1 – 18 
years old (19), should provide more attention to male adolescents. In the Visayas, due to the high 
attributable risk of functional illiteracy from poor sanitation facilities, health educational programs 
promoting appropriate hygiene and sanitation practice such as educational videos (e.g. The Magic 
Glasses), which have proven efficacy in China (60) and are currently being tested in the Philippines 
are recommended. In Mindanao due to the attributable risk of functional illiteracy due to 
T. trichiura infections, educational and health promotion programs are recommended due to 
chemotherapeutic failure for this particular parasite. 
7.5.4 Limitations 
My estimates of functional illiteracy indicators rely on performance-based functional literacy data. 
Although these tools are designed to measure different domains of cognitive functioning in school-
age children, performance-based measurement tools may be differentially related to the outcome. 
For example, participants who completed self-reported questionnaires may have had a chance to ask 
interviewers questions and get support when required. Further, my data are from the 2008 
FLEMMS and may not reflect the current situation. That said, these data constitute the most 
comprehensive and up to date information on functional illiteracy in the Philippines. Additionally, 
the rate of functional literacy has not seen much improvement over the last three times that 
FLEMMS was conducted (83.8% in 1994, 84.1% in 2003, 86.4% in 2008) (189), suggesting that 
data from the 2008 survey were unlikely to differ notably from the current situation. 
My predictive prevalences for P. falciparum and P. vivax are likely to represent 
underestimates, as malaria data for the targeted age group of my study (i.e. 10 to 19 years) were not 
available. However, given the low endemicity level of both species of malaria across the 
Philippines, the effect of malaria was subtle. Proximal factors such as nutrition are also known to be 
important determinants of cognitive dysfunction (267). Unfortunately, data on these factors were 
not available. In addition, my estimated PAF could be biased in the presence of unaccounted 
confounding factors. While emerging evidence suggests a positive association between T. trichiura 
infections and cognitive dysfunction based on animal studies (1, 306), further investigation is 
clearly required to decipher the role of T. trichiura infections in cognitive dysfunction in children. 
In conclusion, my study demonstrates that functional literacy is heterogeneous in the 
Philippines and that the relative importance of determinants of functional illiteracy vary between 
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regions. My findings support the need for spatially targeted strategies that can lead to a reduction in 
the transmission of STH infections and other determinants of functional illiteracy in school-aged 
children in the Philippines. In the context of the current work, this is particularly relevant in order 
for the Philippines to achieve the Sustainable Development Goal target for functional literacy by 
2030. 
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Chapter 8 Discussion 
8.1 Introduction 
Debate has recently intensified regarding the role of soil-transmitted helminths (STH), namely 
Ascaris lumbricoides, Trichuris trichiura, and hookworms (Ancylostoma duodenale, Ancylostoma 
ceylanicum, and Necator americanus), in childhood cognitive function, and by extension functional 
literacy (305). To date, relatively few studies have investigated this link and evidence remains 
inconclusive (267). Contributing factors of impaired cognitive development are multifactorial and 
complex, especially in developing countries, where people live in conditions of poverty resulting in 
limited sanitation facilities, limited education opportunities and social unrest (3, 10, 24, 42, 99, 161, 
249, 250). Children in developing countries are frequently exposed to multiple and cumulative risks 
and thus cognitive development is increasingly compromised. For instance, poverty increases 
children’s exposure to biological and psychosocial risks that affect development through changes in 
brain structure and function (315). 
STH infections are among the most common infections in school-aged populations in 
tropical and sub-tropical areas, and are particularly common in impoverished communities where 
the provision of water, sanitation, and hygiene education are limited (26). Globally, more than two 
billion people are estimated to be infected with STH, and the Philippines is one of the top STH 
endemic countries in the world with an estimated 19.6 million school-aged children living in STH 
endemic areas in 2016 (22, 24, 54, 56). 
The risk of STH-associated morbidity including growth and cognition impairments depends 
on the intensity of STH infection and the species of STH (313). Where STH infection is endemic 
and reinfection is common, chronic STH infections resulting in malnutrition and iron-deficiency 
anaemia could result in delay in the development of cognitive processes (11, 12), perpetuating a 
cycle of low functional literacy during the school-age years, a period that is marked by rapid 
ongoing development of cognitive function. Currently, the contribution of such STH infections to 
the geographical variation in cognitive development indicators such as functional literacy has not 
been adequately investigated. 
Evaluation of subnational variation in functional literacy and the role of STH endemicity 
represent a critical evidence-base for designing and implementing spatially targeted integrated 
interventions to reduce the transmission of STH infections and other determinants of functional 
illiteracy in school-aged children in the Philippines. This is particularly relevant in order for the 
Philippines to achieve the Sustainable Development Goals (SDGs) target for functional literacy by 
2030 (272). 
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The research in this Thesis was developed around the specific research objectives outlined 
in Chapter 1. The overall research objective of this Thesis was to examine the role of STH 
infections in the geographical variation of functional literacy indicators of children in the 
Philippines using unique population level data from a nation where STH is endemic, and functional 
literacy levels widely varying among school-aged children. 
The aims were: 1) to identify the domains of cognitive function investigated in currently 
available studies of children and critically appraise the general design protocol of the studies 
(Chapter 4); 2) to quantify geographical disparities in functional literacy in the Philippines and the 
role of socioeconomic status (SES), water supply, sanitation and hygiene (WASH), household 
education stimuli, and environmental variables in the observed geographical disparities (Chapter 5); 
3) to predict the spatial distribution of the prevalence of Ascaris lumbricoides and Trichuris 
trichiura coinfection and infection intensity class in the Philippines in order to identify populations 
most in need of interventions (Chapter 6); and 4) to quantify the role of STH infections in the 
spatial variation of functional literacy in school-aged children in the Philippines, adjusting for 
demographic, socioeconomic status, water supply, sanitation and hygiene, household education 
stimuli, and the prevalence of P. falciparum and P. vivax (Chapter 7). In doing so, I developed the 
first prediction maps of each functional literacy indicator in order to quantify the number of school-
aged children at risk of reduced functional literacy in the Philippines. 
The innovations in this Thesis include the approach and the outputs of investigations into 
four key areas: 1) identification of design flaws in correlational studies that investigate STH 
infections in cognitive dysfunction of children; 2) quantification of spatial variation in cognitive 
dysfunction measured by functional literacy indicators in school-aged children; 3) predictive maps 
of spatial variation in indirect morbidity indicators of STH infection; and 4) evidence on the 
association between STH endemicity and geographical distribution of functional literacy. This 
research has important practical implications for the design of future studies into the influence of 
STH infections on cognitive dysfunction of children, the control and prevention of STH-associated 
cognitive developmental morbidity, and the identification of a plausible role of STH infections in 
cognitive dysfunction in school-aged children. 
8.2 Key research findings 
One third of the world’s population is infected with at least one species of Soil-transmitted helminth 
(STH), with the highest prevalence and intensity of infections being found in children (11, 12). 
Despite STH infections being the most common pathogenic human-infecting nematodes in the 
world, evidence on the role of STH infections in cognitive dysfunction remains limited today. The 
initial literature review identified that the effects of STH infections on the cognitive function of 
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children are inconclusive and that the results on the association between STH infections and 
cognitive function are often conflicting. 
In 2015, Taylor-Robinson et al, the Cochrane Reviews (70) provided a systematic review 
using 11 Randomised Controlled Trials (RCT), measuring intellectual development using formal 
tests, and school performance using school exams. While their review reported that routine, 
repeated deworming programs at a large scale have little or no benefit on average cognitive test 
performance and school performance, their findings do not necessarily mean that STH infections 
did not impair children’s cognitive function because curative treatment does not unequivocally lead 
to full recovery (66), particularly during the relatively short timeframe of most studies. More 
importantly, the Cochrane Reviews overlooked important heterogeneity in the study designs and 
methodologies that they applied in examining the effect of STH infections on cognitive function. 
This was captured in my systematic review in Chapter 4. 
The systematic review in Chapter 4 represents the most up-to-date evidence, collated 
through extensive search of available literature. The literature search started with a total of 2,860 
references, and was narrowed to a total of 42 papers, which fulfilled the criteria of the systematic 
review. The systematic review has found that in contrast to the findings of the Cochrane review, a 
number of observational studies have yielded evidence contradicting this position, reporting that 
STH infections were associated with impaired cognitive development in children (155, 160, 166, 
171, 178, 181, 184, 186). 
The results of the systematic review in Chapter 4 demonstrate that existing studies are 
simply too heterogeneous to accurately evaluate the impact of STH infection on cognitive function 
in children of different age groups in different endemic settings. Most studies assessed the impact of 
STH infection on cognitive function as a spin-off of assessing the impact of treatment on infection 
levels, resulting in studies that are largely underpowered to detect more subtle effects (94, 104, 105, 
155-159, 162-165, 168, 172-176, 179, 180, 182, 183). The lack of evidence is particularly evident 
in children aged under 59 months, which is argued to be one the most critical stages in human 
cognitive function (239, 241, 246). 
Chronic STH infections can result in malnutrition and iron-deficiency anaemia, which in 
turn could lead to a delay in the development of cognitive processes (11, 12). The effect of chronic 
infection on cognitive function needs to be addressed with study designs that use a standard set of 
sensitive neuropsychological tools that are able to detect subtle changes in all domains of cognitive 
function over time. 
Based on the findings of the systematic review in Chapter 4, I have provided a novel 
framework for the best practice when designing studies to assess the role of STH infections in 
cognitive function of children. In the absence of a standardised framework adequate for 
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epidemiological studies evaluating the effect of STH infections on cognitive dysfunction, the 
proposed framework could be used as a reference guide on methodological approaches for future 
investigators when designing studies to assess the role of STH infections in childhood cognitive 
dysfunction. This framework is divided into seven key guiding principles (See Box 4-1). Together, 
these principles can potentially facilitate the adequate measurements of the effect of STH infections 
on different domains of cognitive function of children of different age groups, allowing more 
precise estimation of the effect size of STH infections on cognitive dysfunction and ensuring an 
unbiased result for the effect of STH infections on cognitive function in children. Each principle is 
explained below. 
The key guiding principles of the framework are: 1) A standard set of sensitive 
neuropsychological tools that can detect subtle changes in all domains of cognitive function over 
time should be employed; 2) Childhood development experts or neuropsychologists should be 
actively involved in designing culture-specific measurement tests, choosing the cognitive function 
tests, and interpreting the scores of the tests; 3) The effect of coinfection with multiple species of 
STH infections and intensity of STH infections on domains of cognitive function should be 
investigated; 4) The effect of STH infections should be isolated by controlling for all known risk 
factors of cognitive function such as socio-economic factors, maternal characteristics, other 
infections or diseases, and home stimulation; 5) Longitudinal or cohort study designs that provide 
information on the temporal sequence of cognitive developmental delays in children should be 
employed; 6) In randomised control studies (RCT), the duration of the intervention, rounds of dose 
(i.e. single or multiple dose) and the lengths of follow-ups, which could mask the potential effect of 
STH on cognitive function, should be considered; and 7) Additional evidence on the effect of STH 
infections on cognitive development of infants or children aged 60 months and above should be 
built by adopting the same measurement tools to document the developmental trajectory of a wide 
variety of cognitive function throughout childhood. Most importantly, the proposed framework for 
future studies will help improve study validity, and generate conclusive evidence of the role of STH 
infections in cognitive development in children. 
In recent years, there has been a significant increase in the application of spatial 
epidemiological modelling approaches to study the geographical distribution of infectious diseases 
(7, 27-29, 32, 43, 44, 141, 208, 316-320). Bayesian model-based geostatistics (MBG) can be used to 
predict the continuous distribution of outcomes by modelling observed data and unsampled areas as 
random variables while accounting for spatial dependency and uncertainty into the modelling 
processes (34). 
MBG have been widely used to provide high-resolution prediction maps, supplementing the 
frequentist statistical approach. The spatial distributions of diseases are linked to environmental 
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conditions, and these relationships are explored and quantified using visualisation, exploration and 
modelling approaches. Soares Magalhães et al (27) used MBG to investigate the co-distribution of 
Schistosoma haematobium and hookworm infection in Ghana. Their application of MBG to national 
sample survey data on coinfection and co-intensity of helminth infections delivered enhanced 
understanding of the environmental factors affecting disease distributions. The high-resolution 
coinfection and co-intensity maps produced in this study allowed the identification of communities 
at increased risk of severe morbidity, thereby, assisting the planning and evaluation of national 
parasitic disease control programs in Ghana. 
Prediction maps have also enhanced our understanding of the implication of environmental 
factors in the distribution of infectious diseases (27-29, 32, 141, 319), and have been used for the 
identification of landscape risk factors of infectious disease (321). Another advantage of using 
MBG is that they can be integrated with population distribution data (i.e. population density) to 
estimate populations at risk of infections. The estimation of the number of individuals at risk is vital 
in order to support the allocation of interventions. Several studies have employed this methodology 
to estimate the burden of STH infections (7, 32, 44, 139, 318, 322), schistosomiasis (28, 32, 322-
324), leishmaniasis (316), malaria (325), onchocerciasis (326), and anaemia (7). 
My studies in Chapter 6 and Chapter 7, drawing from a spatial epidemiological modelling 
approach, confirmed that MBG based prediction maps can provide immediate visual representation 
of spatial distribution of STH infections (Chapter 6) and functional illiteracy (Chapter 7), providing 
a significant contribution to STH-associated morbidity control programs. Evaluation of the 
subnational variation of geographical determinants of reduced functional literacy is critical for 
designing and implementing spatially targeted interventions, which could contribute to efficiently 
attaining the Sustainable Development Goals (SDGs) target for literacy in the Philippines. 
The findings in Chapter 5 point to specific geographically targeted integrated interventions 
needed to improve functional literacy, which consider the role of region-specific determinants. 
Chapter 5 demonstrated that functional literacy is heterogeneous in the Philippines and that the 
determinants of functional literacy are region-specific. The results of the study in Chapter 5 were 
important in allowing for the use of environmental indicators in a comparative analysis with the 
results of spatial helminth infection risk models (Chapter 6), and subsequently with spatial risk 
models of functional literacy (Chapter 7). 
Chapter 6 employed a spatial epidemiological modelling approach to map the prevalence of 
coinfection and infection intensity classes. This study is novel in that it used the WHO standard cut-
offs to predict the prevalence of STH infection intensity classes. By doing this, I provided a means 
to identify areas where the likelihood of STH-associated morbidity is at its highest, and where 
spatially targeted integrated helminth control interventions are most needed. 
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Chapter 6 demonstrated that the risk of A. lumbricoides and T. trichiura coinfections and 
moderate to high infection intensity classes of A. lumbricoides and T. trichiura infections are 
geographically variable even within high-risk areas in the Philippines. Results of MBG models 
indicated that school-aged populations (5 – 19 years) are most at risk of A. lumbricoides and 
T. trichiura coinfections and of moderate to high infection intensity compared to other age groups. 
Further, I estimated the number of school-aged children infected with A. lumbricoides and 
T. trichiura coinfections to be highest in Luzon (estimated total of 89,400), followed by the Visayas 
(estimated total of 38,300) and Mindanao (estimated total of 20,200) in 2017. The high-resolution 
prediction maps presented in Chapter 6 confirm the importance of environmental variability at 
explaining the observed spatial variation of A. lumbricoides and T. trichiura coinfections and 
infection intensity classes. 
Together these key findings indicate that STH-associated morbidity is highly focal. The 
predictive maps of coinfection and infection intensity classes produced in this Chapter could be 
used to plan spatially targeted helminth control interventions in the Philippines. Comparative 
analysis of the results of Chapter 6 with those reported in Chapter 5 suggest that in some areas in 
the Philippines, STH infections may potentially play a key role in the spatial heterogeneity of 
reduced functional literacy in school-aged children. This hypothesis is formally tested in Chapter 7. 
There is no consensus on whether STH infections are a direct cause of cognitive 
dysfunction, as I have highlighted in the systematic review presented in Chapter 4. While previous 
studies in the Philippines indicated an effect of STH infection on children’s cognitive development, 
the contribution of STH infections on the overall functional illiteracy burden in the Philippines is 
unknown. Further, the investigation reported in Chapter 5 found that the prevalence of functional 
illiteracy was explained by region-specific variation in demographics, household-level variables, 
and environmental conditions, some of which are also known to contribute to the endemicity of 
intestinal helminth infection such as STH. 
The spatial models of STH coinfection and intensity of infection classes generated in 
Chapter 6 indicated that children most at risk of STH-associated morbidity were located in the 
following regions (provinces of corresponding region listed in parentheses): Luzon (Bulacan, 
Benguet, Cavite, Sorsogon, Metropolitan Manila, Pampanga, and Rizal), the Visayas (Cebu, Iloilo, 
Leyte, and Negros Occidental), and Mindanao (Agusan Del Norte, Davao Del Sur, Davao Oriental, 
Lanao Del Sur, Maguindanao, Misamis Oriental, Sulu, and Zamboanga Del Sur). 
Combined, the results reported in Chapter 5 and Chapter 6 suggest a geographical 
association between functional illiteracy and prevalence of A. lumbricoides and T. trichiura 
coinfections and moderate-high infection intensity class. This knowledge is important since there is 
a need to find more sustainable approaches to helminth control. In this study, I sought to test this 
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hypothesis formally by quantifying for the first time the role of STH infection in the spatial 
distribution of functional illiteracy, using a novel spatial prediction framework. 
It is evident from Chapter 5 and Chapter 7 that the prevalence of functional literacy 
indicators are spatially heterogeneous within each region of the Philippines, reflecting variability in 
the determinants and the need for place-specific interventions. Herein the findings from Chapter 7 
show significant geographical variation in burden of functional illiteracy in school-aged children 
which can be explained by STH infections. This is particularly highlighted for school-aged children 
in Mindanao, where prevalence of STH infections is high and social unrest and poverty are also 
evident in the area. For instance, I estimated that a total of 4.20% of functional illiteracy burden 
among school-aged children in Mindanao could be averted by preventing T. trichiura infection. 
The findings of the investigation in Chapter 7 show plausible spatial association between 
prevalence of T. trichiura monoinfection and the prevalence of functional illiteracy in school-aged 
children, similar to that seen in an emerging body of evidence in both epidemiological and 
experimental clinical trials, in which the effects of T. trichiura infections on cognitive function are 
observed (1, 306). These results could be explained by the pathophysiological impact of T. trichiura 
infection, including chronic diarrhoea, dysentery (resulting from mucosal lesions), malnutrition, and 
iron-deficiency anaemia (314), all of which are associated with impaired cognitive function and 
growth retardation (105, 313). 
Furthermore, a recent experimental study demonstrated that T. trichiura contributes to 
pathological changes in the hippocampus and amygdala (306). Existing preventive chemotherapy 
shows low to moderate efficacy against T. trichiura in high endemic countries (303). This finding 
suggests that new solutions such as alternative treatment (e.g. oxantel pamoate) are needed to 
eliminate STH-associated morbidity. Additionally, potential complications arising in T. trichiura 
infections may be ameliorated by preventing this particular infection. 
Nevertheless, Chapter 7 offers the opportunity to refine and validate the findings that 
emerged from the findings of positive associated between T. trichiura infections and functional 
illiteracy in school-aged children in Mindanao. Further studies using epidemiological and 
experimental research approaches are necessary to refine and further elaborate on these findings. 
Chapter 7 also demonstrates significant geographical variation in burden of functional illiteracy in 
school-aged children can be explained by STH infections, suggesting that targeted helminth control 
could produce significant gains in the cognitive development of school-aged children in the 
Philippines. 
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8.3 Public health implications of research findings 
The major practical contribution of the research is that it provides much needed empirical evidence 
on the role of soil-transmitted helminth (STH) infections in cognitive dysfunction in school-aged 
children – a subject with very limited evidence available. The Thesis has turned unique population-
based data into actionable evidence. 
First, the findings from the systematic review in Chapter 4, which highlight the challenges 
in the design of studies on the role of STH infections in childhood cognitive dysfunction, will be 
imperative to improve study validity, and generate conclusive evidence of future studies. I 
anticipate that the published systematic review will contribute significantly to the scholarly debate 
on this topic and consequently will serve as a key reference point for future studies. 
Specifically, the findings from Chapter 5 suggest that functional literacy in Luzon may 
benefit from health promotion interventions that improve personal hygiene practices, which could 
play a key role in mediating the effects of infectious diseases and malnutrition, and assist families 
with providing a stimulating environment for children of school age. The findings also suggest that 
those areas with high rates of poverty in the Visayas and Mindanao may benefit from integrated 
interventions that aim to reduce malnutrition in school-aged children. Evidence presented in this 
Chapter enhances existing knowledge of local-specific determinants of reduced functional literacy. 
Bayesian model-based geostatistics (MBG) and precision maps, which I have developed in 
Chapter 6 and Chapter 7, have proven to be effective for the identification of populations most at 
risk of STH-associated morbidity and reduced functional literacy. The analysis outlined in 
Chapter 6 demonstrates that STH infection surveys collected by local government can constitute an 
essential source of surveillance data that can be used to monitor spatial variation in STH-associated 
morbidity in populations across different environments. The prediction maps of prevalence of 
coinfections and infection intensity classes presented in Chapter 6 can assist STH management 
programs to best allocate their limited resources to implement spatially targeted MDA programs 
within the regions of high endemicity of coinfections and high-intensity STH infection. In doing so, 
this could potentially enhance the efficacy of MDA at reducing STH transmission and severe STH-
related morbidity compared to targeting treatment based only on prevalence of single infections. 
The findings from Chapter 5 and Chapter 7 based on such methods were able to point to specific 
geographically targeted integrated interventions, needed to improve functional literacy, that 
consider the role of region-specific determinants. 
The findings in Chapter 7 have important public health implications to the planning, design 
and implementation of geographically targeted interventions for functional literacy that consider the 
context-specific determinants identified in this study. The findings in Chapter 7 provided precision 
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maps to profile communities at increased risk of reduced functional literacy, which can help the 
design of such geographically designed functional literacy interventions, as well as the design of 
novel spatially targeted educational programs that are helminth control sensitive, such as health 
education and health promotion programs that include mass drug administration of benzimidazoles. 
Together these strategies can lead to a reduction in the transmission of STH infections and 
contribute to the reduction of the burden of functional illiteracy in school-aged children in the 
Philippines, ultimately, bringing positive effects on school-aged children’s education performance, 
school attendance, and their physical and mental health. 
Improving functional literacy helps achieve multiple SDG targets. By providing targeted 
education interventions that are helminth-sensitive for communities identified as having low levels 
of functional literacy not only assists the Philippines progress in SDG 4 (literacy) attainment but 
also assists the local government progress in SDG 3 (good health and wellbeing) target attainment. 
It also helps achieve the global target of eliminating morbidity attributable to STH in school-aged 
children by 2020, proposed by the World Health Organization (WHO) (12). 
Health education that is sensitive to helminth infections is important to assist with mitigating 
the potential spread of STH infections. The development of a guide detailing appropriate hygiene 
protocols should be straightforward. For example, “Magic Grass Videos” have proven to be 
effective in reducing the prevalence of STH infections in children (60). Treatment with albendazole 
or mebendazole does reduce morbidity, but fails to control STH infections sustainably, since 
reinfection occurs rapidly (66). Therefore, in addition to mass drug administration and improved 
sanitation, health education is required for sustained, integrated control of STH infections. 
Hence, integrating control to target T. trichiura infections within these regions where 
T. trichiura is predicted to be the dominant parasite could be beneficial to reduce the overall 
presence of functional illiteracy. However, current integrated helminth control strategies in the 
Philippines may have been ineffective in reducing the prevalence of T. trichiura infections in both 
pre-school and school-aged children in certain areas of the Philippines, as shown in previous studies 
(22, 24). This may also be due to the low efficacy of albendazole or mebendazole to suppress 
T. trichiura parasite load (303). 
Most recently, prediction maps generated as part of this Thesis have provided local 
authorities with guidance for planning and designing spatially targeted interventions to control STH 
associated cognitive dysfunction in the Philippines. In particular, the findings from my Thesis have 
led one of the researchers who was initially involved in designing the 2005 – 2007 National 
Schistosomiasis survey to conduct further investigations by mapping areas with high STH 
prevalence in Western Samar in the Philippines. Furthermore, local authorities are now working to 
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control T. trichiura infections in areas in Mindanao identified by this Thesis as having high 
numbers of school-aged children with functional illiteracy. 
8.4 Limitation of the studies 
The associations quantified in the research studies that make part of this Thesis must be considered 
within the context of potential limitations of the data and technical approaches of the systematic 
review, ecological studies, and spatial epidemiological analysis conducted. Each key limitation is 
listed and discussed below. 
8.4.1 Exclusion of plausible evidence in systematic review 
Although the systematic review in Chapter 4 excluded three foreign-language papers where a 
translated full-text article was not available, I am confident that the evidence appraised is the most 
up-to-date, extensive and representative. The systematic review has provided evidence for the effect 
of STH infections on the different domains of cognitive function of children of different age groups, 
focussing on study design issues, cognitive function tests used, and the results of these tests for 
different STH species. 
8.4.2 Use of secondary data 
The studies in this Thesis used secondary data collected over the past 5 years, and may not fully 
reflect the current situation. This limitation is evident in Chapter 5, Chapter 6, and Chapter 7, 
however the studies aimed to minimise this challenge by collecting and analysing data on cognitive 
dysfunction [measured by functional literacy are based on the 2008 nationwide Functional Literacy, 
Education, and Mass Media Survey (FLEMMS)] and STH infection data (collected during the 2005 
to 2007 national parasitological survey in the Philippines), which were both representative of the 
same point in time. That said, these data constitute the most comprehensive, representative, and up 
to date information on functional illiteracy in the Philippines. Additionally, the rate of functional 
literacy has not seen much improvement over the last three times that FLEMMS was conducted 
(83.8% in 1994, 84.1% in 2003, and 86.4% in 2008) (189), suggesting that data from the 2008 
survey were unlikely to differ notably from the current situation. 
Similarly, the STH data analysed in Chapter 6 constitute the most up to date information on 
the prevalence of STH infections in the Philippines. The most recent subnational studies on the 
prevalence of STH infections in the Philippines (24, 56, 294, 296) provide good evidence to suggest 
that the national level of STH prevalence remains similar to that reported during the 2005 – 2007 
survey. Therefore, I anticipate that neither the interventions nor the ecological factors driving 
infection clusters are likely to have altered drastically in the Philippines in the 10 years since the 
survey was conducted in 2005 – 2007 and the survey data to be a good representation of the current 
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endemicity in the country. For example, Belizario et al (2016) reported the prevalence of STH 
infections and the prevalence of moderate-high intensity infections are common among pre-school 
aged children, with A. lumbricoides infection being the most prevalent STH, followed by 
T. trichiura infections. The study also reports that A. lumbricoides and T. trichiura coinfections are 
the most prevalent pair of coinfections among pre-school aged children. Similarly, high prevalence 
of STH infections as well as A. lumbricoides and T. trichiura coinfections among school-aged 
children were reported in recent studies (i.e. the most recent study conducted by Mationg et al 
(2017) reported the prevalence for A. lumbricoides and T. trichiura was 67.7% and 53.6%, 
respectively among school-aged children) (56, 294, 296). 
8.4.3 Diagnostic uncertainty (Cognitive dysfunction and household education stimuli) 
Two other important limitations to consider are the estimates of functional literacy indicators and 
the home inventory-proxy measurement (i.e. household education stimuli). This limitation is 
evident in Chapter 5 and Chapter 7. 
The estimates of functional literacy indicators rely on performance-based functional literacy 
data. Although these tools are designed to measure different domains of cognitive functioning in 
school-age children, performance-based measurement tools may be differently related to the 
outcome. For example, participants who completed self-reported questionnaires may have had a 
chance to ask interviewers questions and get support when required (285). 
A home inventory-proxy measurement (education stimuli measure) was created specifically 
for the purpose of the study in Chapter 5, thus the results of this indicator in Chapter 5 cannot be 
readily compared with the standard home inventory index questionnaire (194, 289). The education 
stimuli measure included selected variables in FLEMMS, which attempt to document whether 
access to learning materials and activities would improve cognitive function of school-aged children 
(99, 193, 290). Nevertheless, the results in Chapter 5 indicated that there is evidence for a degree of 
specificity of the effect of household education stimuli. As reported in Chapter 5, the education 
stimuli score appeared to be a reasonably reliable scale with moderate correlations with the SES 
variable, which was based on ownership of household amenities (pairwise correlation coefficients 
of 0.36). 
8.4.4 Diagnostic uncertainty (STH infections) 
During the National Schistosomiasis Survey (50), STH infection data were collected using the 
Kato-Katz test. Infection intensity data often contain many zero egg counts due to the aggregation 
of parasite distribution among hosts. Kato-Katz’s test performance is limited for detecting low 
infection intensity if based on a single sample (15). As the most recent study (56) reported the 
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prevalence of STH infections is likely to be underestimated by the diagnostic procedure, based on 
the Kato-Katz, currently used in the Philippines. Therefore, the results reported in the study in 
Chapter 6 may have underestimated the prevalence of STH infections. The accuracy of estimates of 
the association between covariates and STH infection could be improved by adjusting for potential 
measurement error in eggs per gram of faeces (epg) counts. 
8.4.5 Lack of infection intensity data 
While the study in Chapter 6 was able to produce prediction maps of A. lumbricoides and 
T. trichiura coinfections for all three regions, the prediction maps of infection intensity classes were 
not readily available for the Visayas and Luzon. 
Further studies or surveys are recommended, especially targeting the areas predicted to have 
high prevalence of coinfections in the Visayas and Luzon. This approach would allow estimation of 
the number of school-aged populations with coinfections and high infection intensity who are at 
increased risk of severe morbidity, and are most in need of interventions. Chapter 6 also showed 
that the moderate/high infection intensity class models for A. lumbricoides and T. trichiura in 
Mindanao were below the threshold of discriminatory outcome of infection intensity class. This 
may be due to the data on these infections being sparse for this region and thus additional surveys 
would be required to improve the accuracy of the prediction models. 
Additionally, a complementary comparative modelling study using a continuous scale of 
infection intensity was not possible during my candidature because such studies are computationally 
intensive to perform using a national-level database such as the dataset used in this Thesis. 
Challenges are further compounded by the fact that most infections in my dataset were classified as 
light to moderate infection intensity. Such a study could approximate the prevalence for each class, 
however using a continuous scale with such data introduces the issue of overdispersion, and would 
necessitate the fitting of negative binomial models (28) or zero-inflated models (27). 
8.4.6 Confounding factors 
The estimated population attributable fractions (PAF) for highest education attainment, low 
socioeconomic status (SES), adult functional illiteracy rates, poor sanitation facilities, P. vivax 
infection, T. trichiura monoinfection, and moderate to high infection intensity classes for 
T. trichiura as reported in Chapter 7 could be biased by the presence of unaccounted confounding 
factors. Proximal factors such as occupational exposure, behaviour, and nutrition are also known to 
be important determinants of cognitive dysfunction and determinants of the prevalence of STH 
infections (267). Unfortunately, data on individual-level socioeconomic status were not available 
because this was not captured in the original survey. This was, however, captured by the residuals 
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of the models. Thus, I was able to account for that by including a spatial random effect in the 
geostatistical models developed in Chapter 6 and Chapter 7. For example, in Chapter 6, the “latent” 
effect of SES on coinfection and intensity of infection was captured by the model residuals. The 
inclusion of a spatial random effect in my predictive models has accounted for geographical 
disparities in variables not included in the model. 
In Chapter 4, it was identified that while a majority of studies included age, SES, sex, 
anthropometric factors, malnutrition, quality of schooling, parental education level, or maternal 
literacy in their analyses, none of the studies included exposure to environmental neurotoxicants as 
a confounding factor. It is possible that the effect of STH infections could be better determined by 
considering multiple sources of environmental exposure to neurotoxicants as probable confounding 
factors as these factors may inversely affect cognitive function of children (2, 222-226). 
8.4.7 Use of an ecological study 
Another limitation of the studies in this Thesis is the use of ecological designs that do not measure 
individual exposure. The studies in Chapter 5 and Chapter 7 used an ecological approach, using 
secondary data on predictors of outcome variables such as climate and SES (276, 287). Some of 
these proxies are imprecise measurements of exposure, resulting in regression dilution bias leading 
to underestimation of the observed effects (288). 
8.4.8 Potential reverse causation 
This limitation is particularly evident in Chapter 5. The study in Chapter 5 highlights the need of a 
complementary modelling approach that could be used to investigate potential reverse causation. 
While standard multivariate regression models may be useful for exploring the effects of predictor 
variables on the outcome variable, it may not be sufficient to explain the interrelation (associations 
and dependency) between multiple interdependent variables (291, 292). Previous studies showed 
that maternal literacy can improve the health navigation skills of mothers, which leads to child 
mortality reduction (271, 293). Multiple determinants of literacy have variable impact depending on 
where and how they are embedded in a child’s life. Future studies need to account for the complex 
interdependencies between these determinants. 
8.5 Direction for future research 
Considering the above limitations, I propose the following directions to be incorporated in future 
research. The findings of this Thesis can be incorporated in the existing and future research 
framework. The Thesis investigated the role of STH infections in cognitive dysfunction measured 
by functional literacy indicators, and significantly adds to the knowledge of STH-associated 
morbidity in STH endemic countries in a number of ways. 
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Firstly, the data presented within this Thesis provides the foundation for future 
investigations into the potential of the role of STH infections, especially T. trichiura infections, in 
cognitive dysfunction in school-aged children. Understanding the role of T. trichiura infections in 
impairing cognitive function will improve the knowledge surrounding aspects of improving 
functional literacy, and prevention of STH infections. Surveys that collect infection intensity data, 
using diagnostic tests that can accurately detect infection intensities and morbidity data at the same 
time, would significantly add individual-level evidence, which was not investigated in this Thesis. 
In particular, my systematic review in Chapter 4 introduced a novel framework for the best practice 
when designing studies to assess the role of STH infections in cognitive function of children. This 
framework could be used as the foundation for designing an individual-level field study in the areas 
with the highest predicted STH infections in the Philippines. 
Secondly, one of the major outputs from this Thesis is the development of predictive maps 
of the probability of each level of functional literacy, adjusted for A. lumbricoides and T. trichiura 
coinfections, and infection intensity classes. This information could be utilised as a spatial decision 
support tool to help conduct individual-level STH-associated morbidity studies within predicted 
high risk areas in the Philippines. Collection of individual-level cognitive dysfunction data in 
routine parasitological surveys (or conducted in conjunction with routine programs such as MDA) 
can lead to the development of individual-level STH-associated cognitive dysfunction risk models. 
This would enable the verification of the prediction maps of functional illiteracy presented in this 
Thesis. Understanding the prevalence of STH coinfections and infection intensity class, and their 
association with functional illiteracy will allow for a broader understanding of the role of STH 
infections in cognitive dysfunction in school-aged children. Another application of the prediction 
maps is for future investigations into the implementation of control programs. Additionally, the 
modelling framework from this Thesis can aid the development of prediction maps in future studies 
by applying data into already constructed spatial models. 
It was the aim that this Thesis will aid in bridging the knowledge gap that currently exists 
between the role of STH infections and cognitive dysfunction in school-aged children. Further 
experimental and epidemiological studies are clearly needed to support current emerging 
hypotheses on the pathophysiological pathways by helminths infections to altered cognitive 
function (1, 306). It is likely that the inclusion of other plausible contributing factors would 
decrease the estimate of the Population Attributable Fraction (PAF) for STH infections presented in 
Chapter 7. Tools such as Directed Acyclic Graphs (DAG) and Bayesian Network (BN) analysis are 
needed to advance our understanding of this mechanism, and will aid creation of ecological 
prediction models. 
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Importantly, a better understanding of how STH infections affect cognitive function would 
help to set priorities for intervention. Understanding and dissecting the complex interactions 
between STH and cognitive function will require collaboration with a multidisciplinary field of 
experts such as microbiologists, neurobiologists, and epidemiologists. Indeed, tools such as DAG 
and BN analysis (327-329) could be applied to determine causality, and aid the interpretation of the 
results from the ecological models. DAGs are often considered as a non-parametric alternative to 
regression models (330). Previous studies have used this tool to analyse causal diagrams to 
minimise bias in epidemiological studies (328, 331). BNs are a type of statistical modelling that 
uses data to create a graphical network, describing the dependency structure existing between a set 
of variables. Although limited in use in the field of public health, it has been used in ecological 
applications, decision support systems in health sciences, veterinary science, biology, and 
epidemiology (292, 332-335). 
Advanced analytical approaches such as DAG and BN analysis could be developed as a 
support tool to determine causality and optimise spatial risk prediction models. These approaches 
could also be used as a spatial decision support tool to guide the local integrated helminth control. 
8.6 Conclusions 
This Thesis presents the first evidence of strong spatial heterogeneity in the prevalence of functional 
literacy indicators within each region of the Philippines, reflecting variability in distal (e.g. natural 
and anthropogenic environment, and poverty) and proximal (e.g. adult functional literacy, 
educational attainment, education stimuli at home, household sanitation, and low socioeconomic 
classes) determinants which may place school-aged children at risk of impaired cognitive function, 
resulting in functional illiteracy. The studies in this Thesis found significant geographical variation 
in the burden of functional illiteracy in school-aged children explained by STH infections, 
particularly T. trichiura infection. Furthermore, the study showed the effect of T. trichiura 
infections on the prevalence of functional illiteracy is largest in Mindanao, compared to other two 
regions (i.e. the Visayas and Luzon). 
The spatial decision support tool provided herein provides a platform for planning and 
implementing spatially targeted helminth-sensitive interventions for use in school-aged children 
who live in STH endemic communities. The prediction maps can be applied by local policy makers 
to target areas with a high probability of functional illiteracy and can be utilised for monitoring the 
presence of STH infections in future studies. The results of this Thesis stress the significance of 
helminth-sensitive health education in mitigating risks towards public health. 
Most importantly, the Thesis provided actionable evidence and critical information that 
advances our knowledge of the spatial distribution of STH-associated morbidity and provided a 
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novel framework for future studies to improve study validity, and to generate conclusive evidence 
of the role of STH infections in cognitive development in children. 
The conclusions and recommendations that came out of this Thesis are summarised below in 
Box 8-1 and Box 8-2, respectively. 
 
Box 8-1 List of Thesis conclusions  
1. The evidence gathered in my systematic review on the effect of STH infections on 
childhood cognitive dysfunction are inconclusive and the findings are inconsistent 
mainly due to the significant heterogeneity of the study designs and statistical models 
used to report the effect of STH infections on cognitive function in children. 
2. A standardized framework adequate for epidemiological studies evaluating the effect of 
STH infections on cognitive dysfunction is needed. 
3. Significant spatial heterogeneity in the prevalence of functional literacy indicators within 
each region of the Philippines has been observed, reflecting variability in the 
determinants and the need for place-specific interventions. 
4. Communities in the Philippines where functional literacy rates are associated with STH 
infections would benefit from STH control programs in order to achieve the Sustainable 
Development Goals target for literacy by 2030. 
5. The effect of T. trichiura infections on the prevalence of functional illiteracy is largest in 
Mindanao, compared to Luzon and the Visayas. 
6. A total of 4.20% of functional illiteracy burden among school-aged children in Mindanao 
could be averted by preventing T. trichiura infection. 
7. Targeted helminth control could produce significant gains in the cognitive development 
of school-aged children in the region of Mindanao in the Philippines. 
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Box 8-2 List of Thesis recommendations 
1. Utilise the seven steps included in the framework proposed in this Thesis as a reference 
guide for designing future epidemiological studies. It can potentially facilitate the 
adequate measurement of the effect of STH infections on different domains of cognitive 
function of children of different age groups, allowing more precise estimation of the 
effect size of STH infections on childhood cognitive dysfunction. 
2. Utilise the high-resolution prediction maps presented in this Thesis as a platform for 
planning and implementing spatially targeted helminth-sensitive interventions in order to 
achieve maximal gains for the cognitive development of school-aged children living in 
STH endemic areas of the Philippines. 
3. Design and implement spatially targeted health promotion and health education for 
Luzon that improve personal hygiene practices and assist families with providing a 
stimulating environment for children of school age. Nutrition and WASH interventions 
can also be provided, which will play a key role in mediating the effects of infectious 
diseases and malnutrition. 
4. Design and implement spatially targeted integrated interventions for areas with high rates 
of poverty in the Visayas and Mindanao to reduce malnutrition in school-aged children. 
5. Plan, design, and implement spatially targeted educational programs that are helminth 
control sensitive for communities in Mindanao at risk of reduced functional literacy due 
to T. trichiura infection. 
6. Develop advanced analytical tools such as Directed Acyclic Graphs (DAG) and Bayesian 
Networks (BN) to determine causality and optimise spatial risk prediction models. 
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 Chapter 5 supplementary information 
A.1 Sampling methods of the Functional Literacy, Education and Mass Media 
Survey (FLEMMS) 
Functional literacy data using in this study were collected during the 2008 Functional Literacy, 
Education and Mass Media Survey (FLEMMS). Primary sampling units (PSUs) within a region 
were stratified based on the proportion of households in the barangay engaged in agricultural 
activities and per capita income of the city/municipality. In the first stage, PSU were selected with 
probability proportional to the number of households in the 2000 CPH. PSUs consisted of a 
barangay or a group of contiguous barangays. In the second stage, in each sample PSU, EAs were 
selected with probability proportional to the number of households in 2000 CPH. An EA is defined 
as an area with discernible boundaries consisting of approximately 350 contiguous households. In 
the third stage, from each sampled EA, housing units were selected using systematic sampling. For 
operational considerations, at most 30 housing units were selected per sample (192). All sample 
households were interviewed from November 20, 2008 to December 13, 2008 (192). According to 
the FLEMMS report, the response rate for the 2008 FLEMMS survey was 94.7% and 87.5% for the 
household survey and the individual survey respectively. 
A.2 The original 2008 FLEMMS functional literacy classifications 
According to 2008 FLEMMS (192) functionally literacy are defined as “those who can at least read, 
write, compute and/or comprehend, this also classifies persons who graduated from high school or 
completed higher level of education as functional literate”. In the original FLEMMS functional 
literacy levels were stratified into four classifications: 1) those who cannot read and write were 
classified as ‘functional illiterate’; 2) those who can read and write (who can read and write with 
understanding a simple message in any language or dialect) were considered as ‘basic literate’ or 
has ‘simple literacy’; 3) those who can read, write and compute were considered as ‘moderate 
functional literate’; and 4) those who can read, write, compute and comprehend (with a significantly 
higher level of literacy which includes not only reading and writing skills but also numerical and 
comprehension skills) were considered as ‘functional literate’. According to 2008 FLEMMS (192), 
participants who are classified as high school students were also considered as ‘functional literate’. 
According to the original 2008 FLEMMS classification (192), participants who were 
classified as high school students were automatically considered as functionally literate. However, 
the authors considered that this decision introduced undue ambiguity in the definition of functional 
literacy (i.e. being high school students may not necessarily imply that they are functionally 
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literate). For this reason, I excluded those who are classified in this category (i.e. approximately 
17% of participants were excluded due to this reason). 
A.2.1 Sociodemographic indicators 
I used data from the FLEMMS household and individual questionnaires on school-aged children 
and the heads of households, including age, sex, marital status, education level, employment, and 
occupation status. Highest education attainment was categorised into three levels (i.e. no grade 
completed, elementary level, and high school level). Employment status at the time of the survey 
was categorised into binary variables (yes or no). Primary occupation of the heads of households 
was categorised into: worked for private household, worked for government, worked with pay on 
own family-operated farm or business, and worked without pay on own family operated farm or 
business. 
A.2.2 Household education stimuli and cognitive stimulation 
The components of the sub-indices are specified in Section 3.1.5.4. 
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A.3 Tables 
Table A-1 Demographic characteristics of the heads of households, stratified by regions of the Philippines 
 
Variables 
 
Regions 
Luzon 
(n=5,791) 
The Visayas 
(n=1,673) 
Mindanao 
(n=2,875) 
Age Average age (SD) 42.1 (12.2) 42.2 (12.2) 39.9 (12.2) 
Sex Male 2,900 (50.1) 910 (54.4) 1,499 (52.1) Female 2,891 (49.9) 763 (45.6) 1,376 (47.9) 
Marital status 
Single 842 (14.5) 286 (17.1) 487 (16.9) 
Married 4,454 (76.9) 1,286 (75.8) 2,210 (76.9) 
Widow 349 (6.0) 95 (5.7) 130 (4.5) 
Divorced 146 (2.5) 24 (1.4) 48 (1.7) 
Functional 
literacy level 
Functional literacy  2,979 (51.4) 582 (35.0) 1,075 (37.4) 
Moderate functional literacy 1,940 (33.5) 664 (40.0) 1,138 (39.6) 
Low functional literacy 520 (9.0) 180 (10.0) 232 (8.0) 
Functional illiteracy 352 (6.1) 247 (15.0) 430 (15.0) 
Highest 
education 
attainment 
No grade completed 82 (1.4) 56 (3.4) 197 (6.9) 
Elementary school 3,755 (64.8) 1,160 (69.3) 1,702 (59.2) 
High school level or higher 1,954 (33.7) 457 (27.3) 976 (33.9) 
Occupation 
Worked for private household 1,787 (30.8) 485 (29.0) 707 (24.6) 
Worked for government 94 (1.6) 33 (2.0) 72 (2.5) 
Worked with pay on own family-
operated Farm or business 1,890 (32.6) 647 (38.7) 1,037 (36.1) 
Worked without pay on own family-
operated farm or business 544 (9.4) 189 (11.3) 395 (13.7) 
Unemployed 1,476 (25.6) 319 (19.0) 664 (23.1) 
Note: Unless otherwise indicated, values represent the absolute number followed by the percentage within 
parentheses. 
 
Table A-2 Socioeconomic status of households, stratified by regions of the Philippines 
Socioeconomic 
status (SES) 
Region 
Total 
Luzon The Visayas Mindanao 
Poor –  
Low SES 
1,925 
(33.2) 
713 
(42.6) 
1,434 
(49.9) 
4,072 
(39.4) 
Non-poor –  
High SES 
3,866 
(66.8) 
960 
(57.4) 
1,441 
(50.1) 
6,267 
(60.6) 
Total 5,791 (100) 
1,673 
(100) 
2,875 
(100) 
10,339 
(100) 
Note: Unless otherwise indicated, values represent the absolute number followed by the percentage within 
parentheses. 
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Table A-3 Household education stimuli score stratified by regions of the Philippines 
Household education 
stimuli score 
Region 
Luzon (n=5,791) The Visayas (n=1,673) Mindanao (n=2,875) 
Average score 8.12 7.56 7.03 
Standard deviation (SD) 3.28 3.14 3.33 
95% Confidence interval 8.04, 8.20 7.01, 7.71 6.91, 7.15 
 
Table A-4 Association of selected covariates with moderate functional literacy in school-aged children in the 
Philippines (Model 3) 
Indicators / factors 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
So
ci
od
em
og
ra
ph
ic
 
Age in years (continuous) 1.09 (1.05, 1.12) *** 
1.05 
(0.99, 1.12) 0.07 
1.09 
(1.05, 1.14) *** 
Female (vs Male) 0.79 (0.79, 0.89) *** 
0.99 
(0.78, 1.28) 0.98 
0.76 
(0.64, 0.89) *** 
Elementary level 
(vs No grade completed) 
0.26 
(0.07, 1.02) * 
0.33 
(0.10, 1.09) 0.07 
2.21E-06 
(2.63E-07, 
 0.00) 
*** 
High school level 
(vs No grade completed) 
0.15 
(0.04, 0.57) ** 
0.21 
(0.06, 0.71) ** 
9.57E-07 
(1.21E-07, 
7.55E-06) 
*** 
Mean functional illiteracy 
levels of the heads of 
household (0 – 3) 
1.81 
(1.55, 2.12) *** 
1.34 
(1.04, 1.73) * 
2.24 
(1.73, 2.89) *** 
SE
S 
c 
High SES (vs Low SES) 0.92 (0.77, 1.10) 0.38 
0.84 
(0.64, 1.12) 0.24 
0.96 
(0.75, 1.23) 0.73 
M
ai
n 
so
ur
ce
s o
f d
rin
ki
ng
 w
at
er
 
fo
r h
ou
se
ho
ld
 
Protected well 
(vs Piped into dwelling) 
1.04 
(0.89, 1.21) 0.61 
0.65 
(0.48, 0.89) ** 
1.16 
(0.87, 1.54) 0.30 
Unprotected well 
(vs Piped into dwelling) 
1.02 
(0.72, 1.46) 0.89 
0.73 
(0.45, 1.19) 0.21 
0.96 
(0.75, 1.23) 0.84 
Lake/pond/rain water/rivers 
(vs Piped into dwelling) 
0.83 
(0.42, 1.63) 0.59 
1.33 
(0.64, 1.12) 0.45 
0.83 
(0.28, 2.44) 0.74 
Other 
(vs Piped into dwelling) 
1.45 
(0.92, 2.29) 0.11 
1.06 
(0.50, 2.23) 0.88 
0.69 
(0.39, 1.20) 0.19 
 
Table continues onto the next page. 
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Indicators / factors 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
To
ile
t f
ac
ili
ty
 
at
 h
om
e 
Pit toilet 
(vs Flush toilet) 
0.84 
(0.61, 1.14) 0.26 
0.54 
(0.26, 1.16) 0.11 
1.01 
(0.67, 1.54) 0.95 
No toilet/bush/field 
(vs Flush toilet) 
1.09 
(0.77, 1.55) 0.61 
0.84 
(0.55, 1.29) 0.43 
1.07 
(0.67, 1.72) 0.78 
M
ai
n 
m
at
er
ia
l o
f f
lo
or
 Bamboo/palm/wood floor 
(vs Natural floor 
earth/sand) 
1.02 
(0.75, 1.39) 0.92 
1.02 
(0.67, 1.54) 0.94 
1.29 
(0.85, 1.99) 0.23 
Cement floor (vs Natural 
floor earth/sand) 
1.09 
(0.85, 1.41) 0.48 
1.07 
(0.64, 1.79) 0.79 
1.09 
(0.69, 1.72) 0.71 
Other floor (vs Natural 
floor earth/sand) 
1.04 
(0.76, 1.41) 0.81 
1.08 
(0.56, 2.09) 0.82 
0.98 
(0.54, 1.78) 0.96 
M
ai
n 
m
at
er
ia
l o
f o
ut
er
 
w
al
ls 
of
 h
ou
se
s Aluminium walls 
(vs Bamboo/palm/wood) 
0.85 
(0.70, 1.02) 0.09 
1.02 
(0.67, 1.54) 0.41 
1.06 
(0.77, 1.46) 0.73 
Other walls 
(vs Bamboo/palm/wood) 
0.81 
(0.58, 1.14) 0.23 
0.90 
(0.49, 1.64) 0.74 
1.01 
(0.57, 1.77) 0.98 
 Household education 
stimuli mean score 
0.95 
(0.93, 0.98) *** 
0.95 
(0.91, 0.99) * 
0.98 
(0.95, 1.03) 0.51 
En
vi
ro
nm
en
t 
DPWB d 1.05 (0.94, 1.16) 0.43 
1.12 
(0.92, 1.38) 0.26 
1.10 
(0.96, 1.31) 0.16 
DPWB^2 1.02 (0.98, 1.07) 0.36 
1.01 
(0.93, 1.10) 0.75 N/A N/A 
LST e 1.02 (0.91, 1.14) 0.79 
0.70 
(0.53, 0.93) * 
0.89 
(0.76, 1.05) 0.16 
LST^2 0.99 (0.98, 1.01) 0.55 
0.94 
(0.89, 0.98) ** N/A N/A 
NDVI f 0.95 (0.93, 0.98) 0.59 
0.98 
(0.69, 1.41) 0.93 
1.13 
(0.97, 1.31) 0.12 
NDVI^2 0.98 (0.92, 1.03) 0.41 
1.20 
(0.94, 1.54) 0.14 N/A N/A 
Rain 0.93 (0.79, 1.09) 0.35 
1.03 
(0.78, 1.36) 0.82 
1.00 
(0.85, 1.19) 0.95 
Rain^2 1.04 (0.99, 1.09) 0.08 
1.00 
(0.89, 1.12) 0.97 N/A N/A 
 Intercept 0.68 (0.16, 2.92) 0.59 
0.95 
(0.20, 4.49) 0.95 
10.07 
(8.52, 12.93) 0.00 
Note: Reference group = functional literacy; a RRR = ratios of relative risks; b 95CI = 95% confidence 
interval; c SES = socioeconomic status; d DPWB = distance to perennial water body; e LST = land surface 
temperature; f NDVI = normalised difference vegetation index; * = statistically significant (p<0.05); 
** = statistically significant (p<0.01); *** = statistically significant (p<0.001).  
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Table A-5 Association of selected covariates with low functional literacy in school-aged children in the 
Philippines (Model 3) 
Indicators / factors 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
So
ci
od
em
og
ra
ph
ic
 
Age in years (continuous) 1.06 (0.99, 1.13) 0.08 
1.01 
(0.90, 1.34) 0.82 
0.96 
(0.88, 1.04) 0.32 
Female (vs Male) 0.70 (0.56, 0.88) *** 
0.65 
(0.42, 1.01) 0.06 
0.79 
(0.57, 1.08) 0.14 
Elementary level 
(vs No grade completed) 
0.14 
(0.26, 0.73) * 
0.86 
(0.09. 8.21) 0.89 
1.80E-07 
(3.30E-08, 
9.79E-07) 
*** 
High school level 
(vs No grade completed) 
0.06 
(0.01, 0.33) *** 
0.29 
(0.03, 2.87) 0.29 
5.80E-08 
(9.97E-09, 
3.37E-07) 
*** 
Mean functional illiteracy 
levels of the heads of 
household (0 – 3) 
3.07 
(2.28, 4.12) *** 
4.43 
(2.98, 6.57) *** 
3.12 
(2.04, 4.78) *** 
SE
S 
c  
High SES (vs Low SES) 0.66 (0.49, 1.62) *** 
0.69 
(0.44, 1.09) 0.11 
0.82 
(0.53, 1.27) 0.36 
M
ai
n 
so
ur
ce
s o
f d
rin
ki
ng
 w
at
er
 
fo
r h
ou
se
ho
ld
 
Protected well 
(vs Piped into dwelling) 
1.25 
(0.94, 1.66) 0.13 
1.13 
(0.68, 1.86) 0.64 
1.12 
(0.71, 1.78) 0.63 
Unprotected well 
(vs Piped into dwelling) 
0.88 
(0.49, 1.62) 0.69 
0.41 
(0.68, 1.86) 0.12 
0.91 
(0.46, 1.79) 0.79 
Lake/pond/rain 
water/rivers 
(vs Piped into dwelling) 
2.63 
(0.38, 18.16) 0.33 
0.56 
(0.17, 1.86) 0.34 
0.91 
(0.46, 1.79) 0.07 
Other 
(vs Piped into dwelling) 
0.99 
(0.26, 3.79) 0.99 
0.88 
(0.25, 3.02) 0.83 
3.04 
(0.46, 1.79) 0.11 
To
ile
t f
ac
ili
ty
 
at
 h
om
e Pit toilet (vs Flush toilet) 
1.43 
(0.87, 2.36) 0.16 
0.31 
(0.08, 1.13) 0.08 
1.78 
(0.94, 3.39) 0.08 
No toilet/bush/field 
(vs Flush toilet) 
1.64 
(0.88, 3.05) 0.12 
0.60 
(0.28, 1.25) 0.17 
1.25 
(0.55, 2.84) 0.59 
M
ai
n 
m
at
er
ia
l o
f f
lo
or
 Bamboo/palm/wood floor 
(vs Natural floor 
earth/sand) 
0.75 
(0.43, 1.32) 0.31 
1.09 
(0.56, 2.15) 0.78 
1.00 
(0.45, 2.22) 0.99 
Cement floor (vs Natural 
floor earth/sand) 
1.02 
(0.66, 1.59) 0.92 
0.86 
(0.38, 1.96) 0.73 
0.86 
(0.37, 1.99) 0.72 
Other floor (vs Natural 
floor earth/sand) 
1.06 
(0.63, 1.79) 0.83 
1.23 
(0.77, 2.04) 0.69 
1.30 
(0.48, 3.49) 0.60 
 
Table continues onto the next page. 
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Indicators / factors 
Luzon The Visayas Mindanao 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
RRR a 
(95CI b) 
p-
value 
M
ai
n 
m
at
er
ia
l o
f o
ut
er
 
w
al
ls 
of
 h
ou
se
s Aluminium walls 
(vs Bamboo/palm/wood) 
0.93 
(0.66, 1.32) 0.69 
1.25 
(0.77, 2.04) 0.36 
1.27 
(0.73, 2.19) 0.39 
Other walls 
(vs Bamboo/palm/wood) 
1.06 
(0.59, 1.89) 0.83 
0.41 
(0.12, 1.38) 0.15 
2.02 
(0.83, 4.89) 0.12 
 Household education 
stimuli mean score 
0.89 
(0.85, 0.94) *** 
0.85 
(0.79, 0.93) *** 
0.93 
(0.87, 1.00) * 
En
vi
ro
nm
en
t 
DPWB d 1.05 (0.85, 1.30) 0.66 
1.42 
(0.86, 2.33) 0.17 
1.49 
(1.18, 1.87( *** 
DPWB^2 0.93 (0.81, 1.07) 0.32 
0.87 
(0.76, 1.01) 0.07 NA NA 
LST e 1.06 (0.89, 1.27) 0.50 
0.71 
(0.38, 1.37) 0.32 
0.83 
(0.67, 1.04) 0.11 
LST^2 0.99 (0.98, 1.01) 0.65 
0.94 
(0.84, 1.04) 0.24 NA NA 
NDVI f 0.93 (0.67, 1.28) 0.64 
0.96 
(0.57, 1.61) 0.87 
1.07 
(0.85, 1.36) 0.56 
NDVI^2 1.04 (0.94, 1.14) 0.45 
1.13 
(0.67, 1.92) 0.64 NA NA 
Rain 1.02 (0.77, 1.35) 0.88 
1.13 
(0.53, 2.41) 0.74 
1.03 
(0.82, 1.28) 0.82 
Rain^2 0.98 (0.91, 1.05) 0.56 
0.77 
(0.55, 1.07) 0.12 NA NA 
 Intercept 0.66 (0.08, 5.11) 0.69 
0.24 
(0.01, 4.26) 0.33 
13.09 
(11.24, 14.94) 0.00 
Notes: Reference group = functional literacy; a RRR = ratios of relative risks; b 95CI = 95% confidence 
interval; c SES = socioeconomic status; d DPWB = distance to perennial water body; e LST = land surface 
temperature; f NDVI = normalised difference vegetation index; * = statistically significant (p<0.05); 
** = statistically significant (p<0.01); *** = statistically significant (p<0.001) 
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Table A-6 Results of semivariograms for prevalence of moderate functional literacy 
Moderate functional literacy Observed data  Model 1 Model 2 Model 3 
Luzon 
    
Partial sill 0.0295 0.0021 0.0027 0.0069 
Nugget 0.0271 0.0084 0.0082 0.0039 
Practical range (km) a 0.011 (1.22) 0.061 (6.77) 0.059 (6.55) 0.015 (1.67) 
% of the variance due to clustering b 52.16 20.39 24.81 63.72 
The Visayas     
Partial sill 0.05 0.0056 0.0053 0.0019 
Nugget 0.04 0.0051 0.0341 0.0051 
Practical range (km) a 0.0001 (0.01) 0.104 (11.54) 0.102 (11.32) 0.093 (10.32) 
% of the variance due to clustering b 55.56 52.37 13.42 27.50 
Mindanao     
Partial sill 0.0224 0.0011 0.0007 0.0005 
Nugget 0.0593 0.0088 0.0091 0.0128 
Practical range (km) a 0.282 (31.30) 0.966 (107.23) 0.383 (42.51) 0.279 (30.97) 
% of the variance due to clustering b 27.37 11.41 7.20 3.44 
Note: a Calculation based on practical range multiplied by 111. 1 decimal degree = 111 km, 0.1=11 km, 
0.01=1 km, 0.05=5 km, 0.005=500 m; b Calculation based on partial sill divided by sill (partial sill + nugget), 
multiplied by 100 
 
Table A-7 Results of semivariograms for prevalence of low functional literacy 
Low functional literacy Observed data  Model 1 Model 2 Model 3 
Luzon 
    
Partial sill 0.0271 0.0021 0.0005 0.002 
Nugget 0.0013 0.0084 0.0004 0.0004 
Practical range (km) a 0.006 (0.67) 0.061 (6.77) 0.059 (6.55) 0.03 (3.33) 
% of the variance due to clustering b 95.28 20.44 57.47 83.02 
The Visayas 
    
Partial sill 0.005 0.0006 0.0006 0.0011 
Nugget 0.001 0 0 0.0017 
Practical range (km) a 0.000 (0.01) 0.045 (4.99) 0.045 (4.99) 0.626 (69.49) 
% of the variance due to clustering b 83.33 100.00 100.00 39.81 
Mindanao 
    
Partial sill 0.0006 0.0006 0.0006 0.0003 
Nugget 0.0099 0.0004 0.0005 0.0003 
Practical range (km) a 1.645 (180.98) 0.449 (49.84) 0.449 (49.84) 0.299 (33.19) 
% of the variance due to clustering b 5.93 63.16 54.55 50.00 
Note: a Calculation based on practical range multiplied by 111. 1 decimal degree = 111 km, 0.1=11 km, 
0.01=1 km, 0.05=5 km, 0.005=500 m; b Calculation based on partial sill divided by sill (partial sill + nugget), 
multiplied by 100 
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A.4 Figures 
 
Figure A-1 Box plot showing the relationship between household education stimuli average total score and 
functional literacy indicators, by region 
 
Note: This box plot shows that the household education stimuli average total scores were lower in Mindanao 
than in Luzon and the Visayas for all literacy levels. F = Functional literacy, M = Moderate functional 
literacy, L = Low functional literacy, FI = Functional illiteracy. Luzon p-value = 0.000; 
The Visayas p-value = 0.015; Mindanao p-value = 0.023. 
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Figure A-2 Bar graph showing basic household WASH characteristics
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Figure A-3 Maps of prevalence of moderate functional literacy of school-aged children in the Philippines by region: (A) Luzon, (B) the Visayas, and (C) Mindanao  
  
 
A
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Figure A-4 Maps of prevalence of low functional literacy of school-aged children in the Philippines by region: (A) Luzon, (B) the Visayas, and (C) Mindanao
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Region Observed Model 1 Model 2 Model 3 
Luzon 
    
The Visayas 
  
 
 
Mindanao 
    
Figure A-5 Semivariograms of prevalence of moderate functional literacy in school-aged children 
 
Note: Semivariograms of prevalence of observed moderate functional literacy indicators and residuals for the 
final multinomial models (residual semivariograms) at each region to examine the presence of spatial 
autocorrelation.  
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Region Observed Model 1 Model 2 Model 3 
Luzon 
   
 
The Visayas 
 
   
Mindanao 
 
 
  
Figure A-6 Semivariograms of prevalence of low functional literacy in school-aged children 
 
Note: Semivariograms of prevalence of observed low functional literacy indicators and residuals for the final 
multinomial models (residual semivariograms) at each region to examine the presence of spatial 
autocorrelation. 
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 Chapter 6 supplementary information 
B.1 Analysis of residual spatial dependence 
A semivariogram is a graphical representation of the spatial variation in a dataset. Residual 
semivariograms represent the spatial variation left unexplained after the inclusion of covariates in a 
model. Omnidirectional semivariograms were generated for A. lumbricoides monoinfection, 
T. trichiura monoinfection, A. lumbricoides and T. trichiura coinfections, and for each level of 
infection intensity for A. lumbricoides and T. trichiura species. This was done for each region of the 
Philippines. The semivariogram is characterised by three parameters: the partial sill, which is the 
spatially structured component of the semivariance (indicative of the tendency for geographical 
clustering), the nugget, which is the spatially unstructured component of the semivariance 
(representing random variation, very small-scale spatial variability or measurement error) and the 
range, which is the distance at which locations can be considered independent (indicative of the 
average size of geographical clusters) (34). The tendency for geographical clustering within a 
region (i.e. proportion of variation that is due to spatial proximity) was estimated by dividing the 
partial sill by the sum of the nugget and the partial sill. 
The estimated cluster size for A. lumbricoides and T. trichiura coinfections were larger 
compared to A. lumbricoides monoinfection and T. trichiura monoinfection in Luzon and the 
Visayas (See Table B-3). While similar cluster size was observed for the prevalence of 
moderate/high infection intensity for A. lumbricoides and T. trichiura infections, the largest 
estimated cluster size was for the prevalence of moderate/high infection intensity for T. trichiura 
infections (See Table B-4). 
This study, together with the results of the semivariograms, indicates that strategies for 
helminth control programs in school-aged population in the Philippines need to consider local 
conditions, taking into account spatially dependent determinants of the prevalence of STH infection. 
B.2 Model specification 
Bayesian model outputs for parameters of interest and for predictions at unsampled locations are 
probability distributions, termed posterior distributions, which represent the probability of a 
variable of interest taking each of a range of plausible values (34). The posterior distributions can 
be summarised by statistics such as the posterior mean and 95% Bayesian credible interval (BCI). 
For model coefficients, a variable was considered as influencing the outcome if it excluded zero. I 
used marginal prediction using spatial.unipred command, which implements independent 
simulations that do not consider neighbouring values. 
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For each model, a burn-in of 35,000 Markov Chain Monte Carlo iterations was used 
followed by 5,000 iterations during which values for the intercept and coefficients were stored for 
parameter estimation and generation of predictive maps. Diagnostic tests for convergence of the 
stored variables were assessed using visualization of history and density plots of the series of 
posterior values. 
B.3 Tables 
Table B-1 Number of individuals infected with two or more STH infections, all age groups included 
Infection with two or more STH infections 
Luzon and the Visayas 
(N=10,276) 
Mindanao 
(N=19,643) 
T. trichiura / Hookworm (%) 460 (4.5) 465 (2.4) 
A. lumbricoides / Hookworm (%) 383 (3.7) 454 (2.3) 
A. lumbricoides / T. trichiura (%) 2,223 (21.6) 1,647 (8.4) 
A. lumbricoides / T. trichiura / Hookworm (%) 312 (3.0) 175 (0.9) 
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Table B-2 Number of individuals with mono- and coinfections stratified by sex and age groups 
 
Total 
Sex Age group (age in years) 
Male Female  Under 5 5 to 19 20 and older 
Region L&V Min  L&V  Min  L&V  Min L&V Min L&V Min L&V  Min 
Total number of individuals 10,276 19,643 4,861 9,586 5,415 10,057 1,241 2,017 4,037 8,080 4,998 9,546 
A. lumbricoides monoinfection (%) 1,041 (10.2) 
2,507 
(12.7) 
465 
(44.7) 
1,237 
(49.3) 
576 
(55.3) 
1,270 
(50.7) 
203 
(16.4) 
381 
(18.9) 
411 
(10.2) 
1,206 
(14.9) 
427 
(8.6) 
920 
(9.6) 
T. trichiura monoinfection (%) 1,885 (18.3) 
1,664 
(8.5) 
926 
(49.1) 
818 
(49.2) 
959 
(50.9) 
846 
(50.8) 
144 
(11.6) 
105 
(5.2) 
780 
(19.3) 
773 
(9.6) 
961 
(19.2) 
786 
(8.2) 
A. lumbricoides and T. trichiura 
coinfections (%) 
2,223 
(21.6) 
1,647 
(8.4) 
1,075 
(48.4) 
781 
(47.4) 
1,148 
(51.6) 
866 
(52.6) 
257 
(20.7) 
174 
(8.6) 
1,155 
(28.6) 
908 
(11.2) 
811 
(16.2) 
565 
(5.9) 
Abbreviations: L&V = Luzon and the Visayas, Min = Mindanao 
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Table B-3 Summary of parameters of semivariograms for prevalence of mono- and coinfections 
 A. lumbricoides-
mono 
T. trichiura- 
mono 
A. lumbricoides and 
T. trichiura coinfections 
Luzon and the Visayas  
   
Partial sill 0.0049 0.0010 0.0005 
Nugget 0.0054 0.0004 0.0001 
Practical range 1.775 1.797 2.097 
% of the variance due to clustering 47.74 71.43 84.75 
Mindanao 
   
Partial sill 0.0019 0.0001 0.0001 
Nugget 0.0004 4.00E-05 1.00E-05 
Practical range 1.495 1.498 0.899 
% of the variance due to clustering 82.61 71.43 92.86 
 
Table B-4 Summary of parameters of semivariograms for prevalence of infection intensity classes 
 
A. lumbricoides T. trichiura 
Mindanao Light Moderate/high Light Moderate/high 
Partial sill 0.0014 0.0001 0.0001 0.0001 
Nugget 0.0001 0.0000 4.00E-05 0.0000 
Practical range 1.498 1.518 1.513 1.531 
% of the variance due to clustering 95.79 100.00 71.43 100.00 
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Table B-5 Summary of validation statistics for predictive multinominal models 
Regions / models Area under the ROC a curve Standard error 95% CI b 
Prevalence of A. lumbricoides and T. trichiura mono- and coinfections 
Luzon and the Visayas    
A. lumbricoides monoinfection  0.58 0.15 0.29, 0.86 
T. trichiura monoinfection 0.56 0.14 0.28, 0.83 
Coinfections 0.68 0.13 0.43, 0.92 
Mindanao    
A. lumbricoides monoinfection  0.78 0.09 0.58, 0.97 
T. trichiura monoinfection 0.70 0.14 0.43, 0.97 
Coinfections 0.69 0.14 0.42, 0.95 
Prevalence of infection intensity classes (Mindanao only) 
Light A. lumbricoides 0.72 0.13 0.47, 0.97 
Moderate/high A. lumbricoides  0.65 0.13 0.40, 0.89 
Light T. trichiura  0.75 0.11 0.53, 0.96 
Moderate/high T. trichiura 0.52 0.13 0.27, 0.77 
a ROC = receiver operating characteristic; b 95CI = 95% confidence interval
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B.4 Figures 
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Figure B-1 Residual semivariograms of prevalence of A. lumbricoides mono-, T. trichiura mono-, and 
A. lumbricoides and T. trichiura coinfection in Luzon, the Visayas, and Mindanao
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Figure B-2 Residual semivariograms of the prevalence of light and moderate/high infection intensity classes 
for A. lumbricoides and T. trichiura in Mindanao 
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Figure B-3 Map of observed prevalence of A. lumbricoides and T. trichiura mono- and coinfections in 
school-aged individuals in Luzon, 2005 – 2007  
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Figure B-4 Map of observed prevalence of A. lumbricoides and T. trichiura mono- and coinfections in 
school-aged individuals in the Visayas, 2005 – 2007
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Figure B-5 Map of observed prevalence of A. lumbricoides and T. trichiura mono- and coinfections in school-aged individuals in Mindanao, 2005 – 2007  
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Figure B-6 Map of observed infection intensity classes of A. lumbricoides in school-aged individuals with infections aged 5 – 19 years in Mindanao, 2005 – 2007  
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Figure B-7 Map of observed infection intensity classes of T. trichiura in school-aged individuals in Mindanao, 2005 – 2007
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Figure B-8 Maps of standard deviation (SD) of predicted prevalence of (A) A. lumbricoides mono-, (B) T. trichiura mono-, and (C) coinfection in school-aged 
individuals in the Philippines, 2017 
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(A) 
 
(B) 
 
Figure B-9 Maps of standard deviation (SD) of predicted prevalence of (A) light and (B) moderate/high 
infection intensity classes of A. lumbricoides in school-aged individuals in Mindanao, 2017  
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(A) 
 
(B) 
 
Figure B-10 Maps of standard deviation (SD) of predicted prevalence of (A) light and (B) moderate/high 
infection intensity classes of T. trichiura in school-aged individuals in Mindanao, 2017
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Figure B-11 Maps showing total number of school-aged individuals with A. lumbricoides monoinfection, people per square kilometre, in the Philippines by region, 
2017: (A) Luzon, (B) the Visayas, and (C) Mindanao 
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Figure B-12 Maps showing total number of school-aged individuals with T. trichiura monoinfection, people per square kilometre, in the Philippines by region, 2017: 
(A) Luzon, (B) the Visayas, and (C) Mindanao 
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Figure B-13 Maps showing total number of school-aged individuals with A. lumbricoides and of T. trichiura coinfection, people per square kilometre, in the 
Philippines by region, 2017: (A) Luzon, (B) the Visayas, and (C) Mindanao 
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(A) 
 
(B) 
 
Figure B-14 Maps showing total number of school-aged individuals with (A) light and (B) moderate/high 
infection intensity classes of A. lumbricoides, people per square kilometre, in Mindanao, 2017 
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(A) 
 
(B) 
 
Figure B-15 Maps showing total number of school-aged individuals with (A) light and (B) moderate/high 
infection intensity classes of T. trichiura, people per square kilometre, in Mindanao, 2017 
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 Chapter 7 supplementary information 
C.1 Description of FLEMMS survey 
C.1.1 Sampling methods of FLEMMS 
The sampling methods of FLEMMS are described in Appendix A.1. 
C.1.2 The original 2008 FLEMMS functional literacy classifications 
According to 2008 FLEMMS(192) functionally literacy are defined as “those who can at least read, 
write, compute and/or comprehend, this also classifies persons who graduated from high school or 
completed higher level of education as functional literate”. Functional literacy was estimated based 
on seven themes/questions included in the 2008 Functional Literacy, Education and Mass Media 
Survey (FLEMMS) individual questionnaire, using a value set of 1 ‘satisfactory’ and 2 ‘not 
satisfactory’ (which also includes ‘not answered independently’ or ‘no answer’). Themes included 
1) name; 2) address; 3) date of birth; 4) highest school grade completed; 5) first simple arithmetic 
questions e.g. if a kilo of rice costs P25.00, how much will two kilos cost?; 6) second simple 
arithmetic questions e.g. if a kilo of sugar costs P38.00, how much will half a kilo cost?; and 
7) reading comprehension (192). All items were categorised into dichotomous variables 
(i.e. satisfactory=1 and not satisfactory=0). A summary of the recorded individual item scores was 
used to determine the functional literacy level. Reading and writing skills were assessed based on 
the scores of themes 1 to 4, arithmetic skills were based on themes 5 and 6, and comprehension 
skills were based on theme 7. 
According to the original 2008 FLEMMS classification (192), participants who were 
classified as high school students were automatically considered as functionally literate. However, 
the authors considered that this decision introduced undue ambiguity in the definition of functional 
literacy (i.e. being high school students may not necessarily imply that they are functionally 
literate). For this reason, I excluded those who are classified in this category (i.e. approximately 
17% of participants were excluded due to this reason). 
C.1.3 The 2008 Functional Literacy, Education and Mass Media Survey (FLEMMS) 
The 2008 FLEMMS is the fourth in a series of functional literacy surveys conducted in the 
Philippines. The previous three rounds were conducted in 1989, 1994 and 2003, respectively. The 
2008 FLEMMS survey used the 2003 survey master sample (MS) created for household surveys on 
the basis of the 2000 Census Population and Housing (CPH) results (192). In brief, for each region, 
a three-stage sampling scheme was used: the selection of primary sampling units (PSU) for the first 
stage, of sample enumeration areas (EA) for the second stage, and of sample housing units for the 
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third stage. The heads of household were administered with the household questionnaire, and all 
information was gathered by trained interviewers (a copy of the FLEMMS forms available for 
reference from corresponding author). All members 10 to 64 years old in the sample households, 
regardless of educational attainment, were provided with a self-administered individual 
questionnaire (prepared in English and translated into 26 local languages commonly spoken in the 
selected sample areas) (192). 
C.2 Description of indicators 
C.2.1 Functional literacy indicators 
Functional literacy was estimated based on seven themes/questions included in the 2008 Functional 
Literacy, Education and Mass Media Survey (FLEMMS) individual questionnaire, using a value set 
of ‘satisfactory’ and ‘not satisfactory’ (which also includes ‘not answered independently’ or ‘no 
answer’). 
C.2.2 Sociodemographic indicators 
I used data from the FLEMMS individual questionnaires and FLEMMS household questionnaires 
on age, sex, education attainment level (completed no schooling, elementary level, or higher), 
marital status (single, married, divorced or widow), adult functional literacy (of head of 
households), and employment status (employed or unemployed). 
C.2.3 Water supply, sanitation and hygiene (WASH) indicators 
I used data from the FLEMMS household questionnaire on main sources of drinking water, the 
types of toilet facility at home, main material of floor, main material of roof, and main material of 
outer walls of houses. Each of the individual WASH items were categorised into binary variables: 
a) main sources of drinking water (piped into dwelling or other water source, e.g. well, lake, pond, 
or rain water); b) the types of toilet facility at home (flush toilet or other toilet types, e.g. pit toilet, 
no toilet or bush); c) main material of floor (cement or other material, e.g. sand, bamboo, palm or 
wood); d) main material of roof (aluminium or other material, e.g. bamboo, palm or wood); and 
e) main material of outer walls of houses (cement or other material, e.g. bamboo, cane, palm or 
wood). 
C.2.4 Socioeconomic status (SES) indicators 
I used data from the FLEMMS household questionnaire which included a poverty indicator 
(dichotomous variable: poor or non-poor) generated using ownership of household amenities and 
conveniences (e.g. whether the home had electricity, refrigerator, washing machine, phone, cell 
phones, TV, CD, Karaoke machine, personal computer, tractor, boat, car, tricycle, bicycle) (192). I 
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used this binary poverty indicator as a proxy of household-level SES in order to classify households 
as either low or high SES. 
C.2.5 Household education stimuli indicators 
The components of the sub-indices are specified in Section 3.1.5.4. 
C.2.6 Geographical distribution of STH infection data 
I only considered data for A. lumbricoides and T. trichiura because coinfections with these parasites 
were most prevalent. I analysed infection intensity data only from Mindanao because the majority 
of STH infections for Luzon and the Visayas were of light infection intensity. The dataset was 
organised to estimate the prevalence of infection intensity classes as defined by WHO (26). 
According to WHO definition, infection intensity classes are categorised according to eggs per 
gram of faeces (epg) into no-infection (0 epg), light-intensity infection, moderate-intensity 
infection, and high-intensity infection. For A. lumbricoides infections, it is categorised into 
0, 1 – 4,999, 5,000 – 49,999 epg, and over 50,000, respectively. For T. trichiura infections, it is 
categorised into 0, 1 – 999 epg, 1,000 – 9,999 epg, and over 10,000 epg, respectively. I combined 
moderate and high infection intensity classes due to low prevalence of high infection intensity 
classes for all species of STH in my analyses. I used predictive maps of soil-transmitted helminth 
prevalence generated from spatial analysis of the data collected during the most recent 2005 to 2007 
National Schistosomiasis Survey in the Philippines (22, 191, 297). Maps of predicted prevalence of 
STH infections (22), A. lumbricoides and T. trichiura monoinfection, coinfections and infection 
intensity classes for A. lumbricoides and T. trichiura (Chapter 6) used in my models were developed 
using Bayesian geostatistical models of STH prevalence including age and sex of individuals, 
environmental variables (rainfall, land surface temperature and distance to inland water bodies) as 
predictors. I extracted predicted values of STH infection profiles for each FLEMM survey location 
in ArcGIS version 10.4.0.5524 (198). 
C.2.7 Geographical distribution of P. falciparum and P. vivax parasite rate 
Spatial predicted values of P. falciparum (PfPR2-10) and P. vivax (PvPR2-10) parasite rate for 
children 2 to 10 years of age were created by the Malaria Atlas Project using model-based 
geostatistical models (117). I extracted these predicted values of malaria endemicity for each 
FLEMM survey location in ArcGIS version 10.4.0.5524 (198). 
C.3 Multinomial logistic regression models 
In all models, survey data were aggregated into groups according to sociodemographic indicators, 
SES, WASH, household education stimuli, predicted prevalence of infections, and location. All 
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continuous predictor variables were standardised to have mean of zero, and standard deviation of 
one. These include age, adult functional literacy rate, household education stimuli scores, and 
infection data. Additionally, sex, marital status, WASH, SES, highest education, employment status 
at the time of the survey were categorised into binary variables (yes or no). 
Collinearity between covariates was measured using pairwise correlation coefficients, 
estimated in Stata version 13.1 (270). Covariates were included in the final model based on 
backwards-stepwise regression analysis (with Wald’s p>0.2 as the exclusion criterion, and p<0.05 
as the entry criterion). An interaction between age and sex was checked in all models using the 
“mfpigen” command in Stata version 13.1 (270). 
The average age of school-aged children was 13.6 years. Highest education attainment was 
very similar across all three regions, with more than half of my samples completed up to primary 
level education. However, Mindanao had the highest number of school-aged children who had not 
completed any grade. A higher proportion of households was classified as low SES in Mindanao 
compared to the Visayas and Luzon (49.9%, 42.6% and 33.2%, respectively; p<0.05; Table A-2). 
Luzon had higher average total education stimuli scores compared to the Visayas and Mindanao 
(8.12, 7.56, and 7.03, respectively; p<0.05; Table A-3). 
In my preliminary analyses, marital status and employment status of heads of households 
were not found to be significantly associated with the prevalence of functional literacy in the 
multivariable models, thus these covariates were excluded from further analysis (Wald’s p>0.2). I 
found collinearity between functional literacy and education attainment of heads of households, 
which provided support only for the inclusion of adult functional literacy as a predictor variable in 
my model. 
C.4 Model specification 
For all models, the prior for the intercept (α), and the effect size of covariates beta (β) (normal 
distribution prior) had mean zero and precision 0.01. The geostatistical random effects were 
assumed to follow a normal distribution, with a mean of zero and a variance of 1/tau, where the 
precision tau was given a gamma prior distribution with shape and scale parameters = 0.001, 0.001. 
The parameter Phi (Φ) refers to the rate of decay of spatial autocorrelation per unit distance, and 
indicates the size of clusters. The prior distribution of Φ was uniform with upper and lower bounds 
set at 0.1 and 100 (27).The radius of a cluster measured in decimal degrees corresponds to 3/Φ. One 
decimal degree is equivalent to approximately 111 km at the equator (the radii of cluster = 3/Φ×111 
km : the further away from the equator the multiplier increases). 
Bayesian model outputs for parameters of interest and for predictions at unsampled locations 
are probability distributions, termed posterior distributions, which represent the probability of a 
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variable of interest taking each of a range of plausible values (34). The posterior distributions can 
be summarised by statistics such as the posterior mean and 95% Bayesian credible interval (BCI). 
For model coefficients, a variable was considered as influencing the outcome if it excluded zero. I 
used marginal prediction using spatial.unipred command, which implements independent 
simulations that do not consider neighbouring values. 
For each model, a burn-in of 35,000 Markov Chain Monte Carlo iterations was used 
followed by 5,000 iterations during which values for the intercept and coefficients were stored for 
parameter estimation and generation of predictive maps. Diagnostic tests for convergence of the 
stored variables were assessed using visualization of history and density plots of the series of 
posterior values. 
C.5 Estimation method 
To derive the 2017 population raster map for the population aged 10 – 19 years, I multiplied the 
2015 population raster map from the AsiaPop project (199) by the reported UNDP annual 
population growth rate for 2015 to 2020, obtained from the World Population Prospects 2015 
Revision Population Database (201). To generate a raster map of the estimated total number of 
school-aged children in 2017 in the Philippines, the 2017 population raster map was multiplied by 
the proportion of the Filipino population aged 10 – 19 years to derive a map of the number of 
school-aged children per square kilometre, and then summed by region. All estimates were 
conducted in the ArcGIS Map algebra raster calculator (198). 
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C.6 Figures 
 
Figure C-1 Maps showing predicted prevalence of infections: (A) A. lumbricoides, (B) T. trichiura, and (C) hookworm  
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Figure C-2 Maps showing spatial distribution of malaria endemicity: (A) P. falciparum and (B) P. vivax 
 
Note: PfPR2-10 = P. falciparum parasite rate in the 2 to 10 years, PvPR2-10 = P. vivax parasite rate in the 2 to 10 years; Areas with no colours indicate predominantly 
P. falciparum and P. vivax free areas (117, 336) 
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Region Observed Model 1 Model 2 Model 3 Model 4 Model 5 
Luzon 
      
The 
Visayas 
 
Not available 
    
Mindanao 
      
Figure C-3 Semivariograms of prevalence of functional illiteracy in school-aged children (Adjusted for infection data) 
 
Note: Semivariograms of prevalence of observed functional illiteracy indicators and residuals for the final multinomial models (residual semivariograms) at each 
region to examine the presence of spatial autocorrelation.  
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Figure C-4 Maps of predicted prevalence of (A) moderate and (B) low functional literacy 
 
Note: Results based on Model 3 for Luzon and the Visayas and based on Model 5 for Mindanao.  
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Figure C-5 Maps showing total number of school-aged individuals with moderate functional literacy, 2017: (A) Luzon, (B) the Visayas, and (C) Mindanao 
 
Note: Results based on Model 3 for Luzon and the Visayas and based on Model 5 for Mindanao.  
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Figure C-6 Map showing total number of school-aged individuals with moderate functional literacy, 2017, Mindanao, based on infection intensity classes for 
T. trichiura
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